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ABSTRACT 

FHem changes aml = activity = of enucteic’| acid-degrading 
enzymes throughout’ the life cycle of Saccharomyces 
cerevisiae SK-1 were investigated in an effort to clarify 
their physiological functions. Three enzymes were studied; a 
Mg?*-independent endonuclease, a Mg**-dependent endonuclease 
and a Mg’*-dependent 5'-exonuclease. Since all three 
nucleases were most active with poly(A) as substrate, it was 
necessary to eStablish methods to specifically assay their 
activities in crude cell extracts. 

As the cells entered stationary phase and sporulation, 
the specific activity of the Mg**-independent endonuclease 
increased about 4- and 6-fold, respectively. The specific 
activity of the Mg’?*-dependent 5'-exonuclease increased 2- 
and 7-fold, respectively, while the specific activity of the 
Mg?*-dependent endonuclease decreased to about 50% of its 
Original value under these conditions in both the haploid 
and diploid Strains seeDuUrINgG = ithe (first @ few =*hours= of 
Sporulation, the specific activity of the Mg**-dependent 
endonuclease increased about 2-fold in the diploid, but not 
the haploid strain. When the haploid cells were transfered 
ELOMeESPDOCUlALLONMeGOTgerminatroneconditions, tne activities 
of the Mg?*-independent endonuclease and Mg’**-dependent 
5'-exonuclease decreased while the Mg? *-dependent 
endonuclease activity increased. From these changes in 
activity and the general characteristics of the enzymes, it 


was deduced that the Mg?*-independent endonuclease may be 
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involved in the degradation of rRNA while the Mg?*-dependent 
5'-exonuclease aCiavetvemEDLODaDly—eOlaySemaeerOleusinuathe 
degradation of mRNA. The Mg’**-dependent endonuclease may be 
involved in the recombination and/or repair of DNA, although 
a role in RNA metabolism cannot be ruled out. By inhibiting 
protein synthesis with cycloheximide it was found that the 
three enzymes were very stable in vivo under most 
conditions. It is likely that any increases in specific 
activity were due to de novo synthesis while any decreases 
were due to degradation of the enzymes. 

An activity stain for the Mg?*-independent endonuclease 
on polyacrylamide gels was used to investigate its 
electrophoretic properties. Two bands of activity were seen 
when the nuclease was isolated from stationary phase cells 
while only the slower migrating activity (band 1) was seen 
in significant amounts in exponential phase cell extracts. 
Attempts to isolate the two components by column 
chromatography using Sephadex G-100 Superfine and 
DEAE-Trisacryl, both in the presence of SDS were 
unsuccessful. This suggests that band 1 (MW >>100,000 d) is 
an aggregate of band 2 (MW 50,000-68,000 d). A third band 
which migrated slightly faster than band 2 was observed in 
some cases. Whether this represented a Separate activity, a 
different form of band 2 or an artifact of electrophoresis 
could not be determined. 

The relative activity of the Mg? *-independent 


endonuclease with poly(C), poly(A), RNA, ssDNA and dsDNA as 
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SUuDStraLemwWa Sells o4 peel UC ma dy Os 2 Allo se eeresSpectively, 
Poly(A) was degraded to 3'-phosphate terminated 
oligonucleotides. The pH optimum was 7.0 and 6.5 for the 
enzyme isolated from exponential- and stationary phase 
cells, respectively. Whether this difference is due to the 
presence of a unique enzyme in stationary phase or to the 
apparent ability of the nuclease to aggregate remains to be 
determined. The Mg? *-independent endonuclease had a 
temperature optimum of 55°C but was rapidly inactivated at 
60°C. However, in the presence of SDS, full activity could 
be recovered after heating at temperatures up to 95°C if the 


SDS was later replaced with Triton X-100. 
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I. INTRODUCTION 


A. Life Cycle of Saccharomyces cerevisiae 

The yeast Saccharomyces cerevisiae has been studied 
extensively since it is economically important and can be 
used as a model system in cell biology and cell physiology. 
The@ertemcyeleyeasm) bbustratedsai Nari Galles sof —spanticular 
interest since it involves both mitotic and meiotic phases 
and, therefore, developmental processes of eukaryotes can be 
Studied using this organism. 

The landmarks of the mitotic cycle have been well 
defined. DNA synthesis occurs in the S period shortly after 
bud emergence and this is followed by additional growth in 
the G2 period. Nuclear migration and division occur in the 
M period which is followed by the G1 phase where the cells 
divide. Under conditions of balanced growth, all of the 
cell's macromolecular components are doubled once each cycle 
(Hartwell, 1974). Growth does not appear to be dependent on 
the completion of any landmark since cells arrested at these 
positions grow in size after the time of arrest (Hartwell, 
1974). 

When yeast are placed under conditions of nutrient 
deprivation, they enter stationary phase and cell division 
is arrested in the G1 phase prior to DNA_ synthesis 
(Williamson and Scopes, 1962). While some stationary phase 
cells are of normal size, others are very small (Williamson 


and Scopes, 1961) and, on the average, cells contain less 
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FIGURE 1 


Life Cycle of Saccharomyces cerevisiae 


Schematic diagram of the life cycle of S. cerevisiae 
showing both mitotic and meiotic phases as well as the 
germination of spores. Gi, S, G2 and M represent’ the 
various stages in the mitotic cell cycle. The unlabelled 
cells may be either haploid or diploid while "a" and "a" 
represent the mating type alleles. 

Modified from Hartwell (1974) 
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mass, protein and RNA than the average growing cells 
(Polakis and Bartley, 1966). 

When diploid S. cerevisiae, which are heterozygous at 
the mating type allele, are inoculated into a medium 
containing a non-fermentable carbon source, such as acetate, 
in the absence of a nitrogen source, they undergo meiosis 
and sporulation (Esposito and Klapholz, 1981). The meiotic 
process 1S initiated during the Gi interval of the mitotic 
cell cycle (Croes, 1966). Cells at any of the other 
intervals must complete the cell cycle first before entering 
meiosis since the first meiotic nuclear division is 
reductional while mitotic nuclear division is not (Croes, 
1966). The landmarks of meiosis include DNA _ replication, 
genetic recombination, first and second nuclear divisions 
and spore wall formation (Moens and Rapport, 1971). The 
rates of Synthesis and breakdown of macromolecules, 
primarily RNA and protein, increase considerably as soon as 
Sporulation starts and this continues until aSci appear 
(Hopper et a], 1974). Cytokinesis and cell division during 
meiosis result from the growth of new cell wall and cell 
membrane within the cytoplasm of the mother cell, rather 
than by septum formation as in mitotically growing yeast 
(Moens, 1971). The newly developed spores are contained 
within a modified cell called an ascus and are maintained in 
a semi-dormant state. 

When the spores are returned to a growth medium, this 


dormancy is broken and they germinate. The resulting 
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vegetative cells are haploid and as such may continue’ into 
the mitotic growth cycle, or cells of opposite mating type 
may undergo conjugation to form a diploid zygote. The 
conjugation process involves several distinct steps. Each 
haploid cell type constitutively produces and secretes 
specific pheromones called a- or a-mating factors which 
trigger biochemical changes in the cells of opposite mating 
type (Thorner, 1981). These changes include cell surface 
alterations to enhance specific intercellular adhesion and 
Synchronization of the growth stages of the mating partners 
by arresting the cell cycle in the Gi phase. Once these 
first steps have been completed, the cell wall and plasma 
membrane are removed at the point of contact by autolytic 
activities. Zygote formation is complete when the haploid 
nuclei fuse to form a single diploid nucleus (Thorner, 
1981). These cells may then continue the mitotic cell cycle 
and under the appropriate conditions can again sporulate. 
Complex changes in morphology and composition occur as 
the cells proceed through the cell cycle. As a result, it is 
expected that changes in enzyme activities reflecting 
different rates of biosynthesis and degradation of 


macromolecules will also be observed. 


B. Nucleic Acid Metabolism 
Duranged mittotic# gqnowthi@ofies.) cerevisiae stotaleceil 
mass, protein and RNA accumulate continuously throughout the 


cell cycle (Tauro and Halvorson, 1966; Sebastian et al, 


fia— needa teatanie tetevse asviovnle eee A 
aeseczes bie” ——" Cheesy sates aqye Mis bie 
Noite evoseed eslgagen 30 - ay better” ssrciosetg ot5is 
giitas pila : atisc afin! esenéia iepmedseke | 


ezetwu Lies aiulsai gonna etecT peer peered?) 


tne op leeGhe tens Dee sett »f*losne Ss npAne O72 enel76% 


ereerzés, CALAN 242d. Ss SpE ess OC FWOTE si7 te nodtwemnnans 


‘sesds @se0 ghed TO 5k nf sieges «4 sf? pniyme 


piae Efdy e#3, Bataignee teed, oven aqol¢, 72 


smeaia On 
e=eeicdut go: Suetow.. -© Wipe 94D sP HVS See oneida 


g - 7 
cioiant ehs epde Sree et LAGidstre? . oFSer* eoltivedns 
envodt) eeeigua HietetS «6ofprit cs Peet OP styt» ke 


sicy>' iée3 65346050! eat eT rod ei") {a0- e789 scott «thRD 


_ 


a 
—— 


afelutot niépe: ap aun eelinindsd s¢stegetyan ads seQo RR 

26 n398 oie sage: ee ee arpa 491.Qmoo : 
a)si ‘tues & BA -obego leo 904 ‘ieiownr Sesao7G stiigo 
sHisteltu: eet giviosg =iysts aspnanlo sell 
fo «6 ul eeGevegh Erna). alesdinyectd Jo asset 
devisees Sete [lin wetusee 


= 2 “to demorD sisosKin 


ey 
7 i Ma | 


1971). Yeast cells contain 50 to 100 times more RNA than DNA 
(Mounolou, 1971) and over 80% of the RNA is ribosomal RNA 
composed of 4 species; 5s, 5.8s, 18s and 26s (Kozak, 1983). 
The 5.8s, 18s and 26s species are obtained from a larger 35s 
precursor which is in turn derived from a 45s transcript 
(Perry, 1981). 

About 1-2% of the total RNA in yeast is made up of 
messenger RNA (Tonnensen and Friesen, 1973). Messenger RNA 
is the least stable class of RNA and is degraded about 6 
times faster than rRNA, following the kinetics of 
exponential decay (Elliott and McLaughlin, 1979; Chia and 
McLaughlin, 1979). Several studies have determined that the 
average half-life of total mRNA is about 20 min (Tonnensen 
and Friesen, 1973; Chia and McLaughlin, 1979; Koch and 
Friesen, 1979), but the half-life of an individual mRNA 
ranges widely from 3.5 min to more than 70 min (Koch and 
Friesen, 1979). The reason for this difference in stability 
is not clear but some suggestions have been advanced to 
account for it. One explanation involves the observation 
that there are two classes of mRNA with different 
stabilities. One class has 5'-termini of m’GpppA and the 
other has 5'-termini of m’GpppG. These classes exist at a 
ratio of approximately 3:1, respectively, and the RNAs with 
the m’GpppG cap are degraded 4 to 5 times more rapidly than 
those capped with m’GpppA (Scripati, et a], 1976). Another 
explanation for the variation in the mRNA stability may be 


the differences in the length of the polyadenylic acid tails 
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added post-transcriptionally to the 3'-OH end. Again, there 
are different classes of mRNA, one having a poly(A) tail 
about 90 nucleotides long, and one having a poly(A) tail 
only 20-30 nucleotides long and a third class having no 
poly(A) tail (Sogin and Saunders, 1980). The loss of the 
poly(A) tail may be a mechanism whereby mRNAs which normally 
have a long half-life can be degraded more rapidly, since 
de-adenylated mRNA has been found to be less stable in 
Xenopus oocytes (Huez et al], 1974). 

As the cells enter stationary phase the rates of 
Gegradation of protein and RNA increase (Hopper et ali, 
1974). Stationary phase cells only have half the poly(A) 
content of exponential phase cells, and this is partly due 
to a decreased proportion of mRNA with the long poly(A) tail 
compared to the shorter one and partly due to the fact that 
fewer mRNAS have any poly(A). Since the class of mRNA with 
the 20-30 nucleotide poly(A) tail predominates in stationary 
phase cells, the variation in poly(A) tail length may partly 
account for the observed increase in RNA degradation as well 
as differences in individual mRNA half-lives (Sogin and 
Saunders, 1980). 

Sporulation is accompanied by extensive synthesis and 
degradation of proteins and RNA (Hopper et a], 1974).The 
maximum rate of RNA synthesis occurs at about 5-6 hrs after 
the initiation of sporulation (Hopper et al, 1974) but the 
breakdown of RNA begins immediately and results in an 


overall decrease in the total RNA content of 50% by the 
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completion of spore formation (Croes, 1967a). 

A new 20S rRNA species which has not been detected in 
non-sporulating cells is synthesized during sporulation in 
yeast (Kadowaki and Halvorson, 1971). The relative content 
of this RNA to the total RNA content increases linearly 
early in sporulation. However, the function of this species 
of rRNA is not known. 

The decrease in total RNA content of the cells which 
occurs under conditions of nutrient deprivation or 
sporulation is due mostly to the degradation of rRNA (Croes, 
1967b). The number of ribosomes in polysomes decreases 
3-fold during sporulation (Kraig and Haber, 1980) and this 
may result in a decrease in rRNA Stability, since rRNA in 
intact polysomes is not affected by nuclease levels which 
readily degrade the ribosomal subunits (Utsunomiya and Roth, 
1966). 

Transfer RNA, which accounts for about 17% of the RNA 
of vegetative cells, is reasonably stable and is present in 
approximately the same ratio to mRNA throughout the life 
cycle (Esposito et a], 1969). 

The breakdown of total RNA observed during stationary 
phase and sporulation is due to an increase in the 
activities of nucleolytic enzymes at these times (Clare and 
Oliver, 1979). The cells presumably depend upon the 
degradation of existing RNA for their supply of nucleotides 
Since strains which cannot increase their total nuclease 


activities during sporulation are defective in ascus 
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formation (Tsuboi, 1976). 

About 5-20% of the total yeast DNA is located in the 
mitochondria and the remainder is found in the nucleus 
(Hartwell, 1974). Several studies have described nucleic 
acid-degrading enzymes which hydrolyse either ssDNA or dsDNA 
or both. As will be described in the following section, some 
of these may function in the recombination and repair of 


DNA. 


C. Nucleic Acid-Degrading Enzymes 

A number of nucleic acid-degrading enzymes isolated 
Enon ~St cerevisiae and related organisms have been 
described. It has been suggested that nuclease activities in 
variouS organisms are involved in the degradation of mRNA 
(Lehman, 1963), destruction of ribosomes during sporulation 
(Farkas and Marks, 1965), control of protein synthesis by 
destruction of specific tRNAs (Stent, 1964; Nishimura and 
Novelli, 1964), and recombination of DNA (Resnick et al, 
Submitted for publication). While many suggestions have been 
advanced concerning the functional roles of nucleic acid 
degrading enzymes of yeast, little has been confirmed. 

Nucleic acid-degrading enzymes also are involved in 
processing of newly synthesized RNA. All of the classes of 
RNA are transcribed as larger primary transcripts which are 
processed into the functional forms of RNA in the nucleus. 
This processing includes nucleolytic cleavages, ligations, 


terminal additions and nucleoside modifications (Perry, 
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1981). In yeast, the nucleases which are responsible for the 
cleavage of these primary transcripts have not _ been 
identified, but the enzymes which have been described could 
play a role in the degradation of the large sequences which 
are discarded during RNA processing. 

The nucleases which have been described can be divided 
into two main classes. One class is active in the presence 
of EDTA and have been termed the Mg?*-independent 
endonucleases. The enzymes in the other class require the 
presence of Mg** or related ions for activity and are called 
Mg**-dependent nucleases. This class includes a membrane 
bound endonuclease and a Mg’?*-dependent 5!'-exonuclease 
associated with the ribosomes. One nuclear deoxyribonuclease 
has also been described (Bryant and Haynes, 1977) but little 
is known about it and its function has not been determined. 

The major characteristics of the Mg’?*-independent 
endonucleases isolated from S. cerevisiae in several 
different investigations are listed in Table 1. For the most 
part, their characteristics are very similar, indicating 
that these may be slightly different forms of the same 
enzyme. The differences observed may, in some cases, be due 
to variations in the assay conditions used. 

All of these enzymes are endonucleases which are active 
in the presence of high concentrations of EDTA and are 
relatively heat stable. In general, they are most active 
with RNA, poly(A) or poly(U) as substrate and are virtually 


inactive with either native or heat denatured DNA. 
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Several functions have been proposed for these enzymes. 
Nakao et a] (1968) suggested that the enzyme they studied is 
involved in the degradation of mRNA, although it may also 
degrade other classes of RNA. Schulz-Harder (1983) describes 
a nuclease which is newly synthesized following heat shock 
treatment and suggests that it may be involved in the 
degradation of ribosomes. An acidic RNase with 
characteristics which are similar to the Mg?*-independent 
endonuclease of S. cerevisiaé was isolated from Candida 
lipolytica by Imada et al] (1975) and they also propose a 
role in RNA degradation following heat shock treatment for 
their enzyme. However, unlike the enzyme described by 
SehubzcHarder, 50=/75%0nmofe thrsl nucleases tiss-_-foundibaentiian 
inactive form bound to a thermolabile inhibitor. Shetty et 
al (1980) do not propose a function for the enzyme they 
investigated, but it may have an analogous function to those 
described by Schulz-Harder et a] and Imada et a] since they 
all have similar characteristics. Belhadj et a] (1982) also 
conclude that the RNase they describe is involved in the 
digestion of RNA following heat treatment. However, it may 
also function in the degradation of RNA under conditions of 
nutrient limitation since at is activated by low 
concentrations of ATP and CTP but inhibited up to 50% by 
high concentrations of these nucleotides. This enzyme 
differs from the other Mg?*-independent endonucleases in 


that it produces 5'-phosphate terminated oligonucleotides. 
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The Mg**-dependent endonuclease associated with the 
inner mitochondrial membrane is a major nucleic 
acid-degrading enzyme in yeast. It now appears that the same 
enzyme may have been studied in a number of independent 
investigations. Several of the major characteristics of the 
enzymes reported in these investigations are listed in 
Table 2. 

There are Significant differences in the 
characteristics of some of these enzymes but variations in 
the assay conditions used and the extent of purification in 
different investigations make it difficult to compare the 
nucleases. However, it seems likely that many of the reports 
describe the same enzyme. Most investigators describe this 
enzyme aS a deoxyribonuclease, but do not report the 
activities with other substrates such as RNA. Von Tigerstrom 
(1982)8 found=ethat’ ut Sis most gactive; with poly(A) as 
substrate and the relative rates of hydrolysis of poly(A), 
SSDNA, RNA, dsDNA and poly(C) are 100, 31, 19, 2.1 and <0.2, 
respectively. Jacquemin-Sablon et a] (1979) state that their 
preparation is free of RNaSe activity as measured with 
poly(C), but this nuclease is virtually inactive with this 
substrate. However, in general the enzyme appears to be more 
active with ssDNA than RNA as_ substrate so it is quite 
possible that it is a single strand-specific DNase //n vivo. 

A Mg? *-dependent endonuclease isolated from the 
mitochondria of Neurospora crassa has also been reported 


(Linn and Lehman, 1966; Martin and Wagner, 1975; Chow and 


uae oi dade tava gn bt <4aea'e at me 
foubewebel, le aed a ok Geiss 

oAg29 BE: iaisitecay> |e qotem ats sc (etavee 
14 Geset: e386 diciity intgestat sandr “ine 


ost ni! sepanes ich hbnbeenela, © 278 

qi a70O< Jetta Tua! ¢ Siu" 7 sa@efg,. to sare So, 2a 
ob mart fecisi-wmey tO Tiscks Scy sha Open 21624 1baes 
“sae seumees of 2tuolterst . s4sm “euc' ‘enagesens 


eis) Aggies (fans (ict cmome 22 q2ereNae 


27 wie 
«tue attencet orotanisteyat: 20 . ss e SHS sat 
oie rregat, dopa es “t7"  yetse ipa ysysoshy 8° ae | 
ecsicrseif sav). Ane ae ioe 2520)! Slee sanio ngiv 
ee (A0Ua New Vite) eecm ar/ 3. Sens a 
bai eik de Beagle siya 3’ es267 64s 6a =f), One 
6200 Gan (ap Rate. Ol aces! wes spi Wi i 


efeds ta@s siese (86S! 45 3s dd idet-nimepsels. . 


dsiw Sewage ae potviiss pela. fo Beer we 
pias fo) oy lassal “itsusai¥ 2) Seestaunjeids sud “4 
onan sd of exeeggh seyets as Letensp di 1awon -* 
estap ei c) oP aquztites, 28 SG fists sheesh oa 

doavly Al oan avtissge Boars stoole a ad 2 
ot, ont. aia aie 


14 


faeces LE: O01 


2861 +cat 9plLyO9ILINuObL [Oo VNGSS IURAqWOW) 
*“WO4ZSA9BL | UOA - 0°2-S'°9 v103 Jo OW L [ews S(V)ALOd Le Lupuoysoz ty 
yNG-3w +e02 WNG 

286l ‘Auno4 go uleday G*/-0'L v1d4 47 5W - Jtulundy  eLupuoyroz LW 

UW 
2861 YNG pabeweg +2 WNG 
“12 42 AOpawyxy 40 vLeday 0°8-0°9 yla3 4o bw z dtuLundy = 

+7" 

L861 ‘puowesoy = Qige yvld4 40 420 ad VNGSS PLApUOYI0 LW 

UW dat ta 
O86L SePUaSN] UOLZeULqUODaY +Z apLzOapInutyy 

pue LLOSsOuoW UL days LelzLUy QZ Vid3 dO 420W pue -1q *-ouow YNGSP BLUpuoYyd0} LW 

uoLzeDL {day uy 
6L6L ‘20 72 VNG-3w +2 aueuqueay 
uo[ges-ULwanboer 40 uoLze[Nbay g°/-2°9 v103 4o | OW = VNass LeLupuoyso Ly 
+70 dizi Gz 
OL6L ‘UOULg UOLJeULquOday Q°g9 V103 40 42°W 9Pt309 1, INUObL LO VNGSS 7 

ee 8 ee eee 

uolLzoUNy §=wnwizdo quawauLnbay UOLINGLAYSLG 

9IUdUaJay pasodoud Hd SuOoJLqiuuT uo] $}9NpOug Sazyeuysqns = ueRLNLLaoqns 


aes. Seen aes ea ee a 


an1siaadao saohwortpyoong WOU} P9PeLOS] Sa9sea|Inuopuy 
quapuadap- By 94} JO SALZUadO0ug ayy yo Aueuwns y 


é¢ 91gel 


» 
wots 2: a ieee Te “i a cia. ator . ny oo . =) - - 
es a ¥ Fh . Phe ae AMGE® ». 
aye’ nig tf a ae 
Pa a." ss c erry r, oe 
ar eon niooet?. yePeesi i ta? s eT 
<< iz nel renee? 
o, 


0 beast «2.50.5 Arve 


: ore ng 


i) 


Fraser, 1983). In all of these studies the enzyme has 
characteristics which are very similar to those reported for 
the S. cerevisiae Mg**-dependent endonuclease suggesting a 
possible similarity in function. 

The enzyme described by Chow and Fraser (1983) acts as 
an endonuclease with ssDNA and RNA and as an_ exonuclease 
with dsDNA as substrate. However, if it is isolated in the 
absence of protease inhibitors, a nuclease similar to the 
one described by Linn and Lehman (1966) appears. Therefore, 
it 1S possible that the enzymes described by all of these 
investigators represent slightly different forms of the same 
activity. 

Von Tigerstrom and Stelmaschuck (submitted for 
publication) compared the properties of the Mg?*-dependent 
endonuclease isolated from S. cerevisiae and N. crassa. They 
found that while these activities were not closely related 
antigenically, the similarities in substrate specificity, 
mode of attack and intracellular location indicated that the 
enzymes have the same function iN Vivo. 

Several suggestions have been made concerning the 
functions of these enzymes. These include the regulation of 
mitochondrial DNA replication (Jacquemin-Sablon et al, 
1979), the repair of mt-DNA (Foury, 1982; Fraser and Cohen, 
1983) and a role \in® recombination, |particularly=) during 
differentiation, (Pinon, 1970; Morosoli and Lusena, 1980; 
Chow and Fraser, 1983). However, little evidence has_ been 


obtained to support these proposals. 
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The other Mg’*-dependent nuclease is an exonuclease 
described by Stevens (1978, 1979, 1980) which degrades RNA 
itieewa See -Sleedirection. @1t hasialbroad pHi optimummvaround 
8.0-8.5 and is completely inhibited by EDTA. Ribosomal RNA 
is hydrolysed at nearly the same rate as poly(A) yielding 
5'-mononucleotides as end products. The enzyme requires 
5'-phosphates and 5'-capped mRNAs are hydrolysed slowly, if 
at all. Stevens suggests that its function in vivo may be to 
degrade mRNA and this nuclease, in conjunction with an 
enzyme that removes 5'-caps, may be very important in 
determining the functional half-lives of mRNA. In addition, 
Since the direction of degradation is the same as_ the 
direction of translation, incomplete protein synthesis would 
not result from the translation of partially degraded RNA. 

Villadsen et al (1982) also describe an exonuclease 
Whichtacts inWa.Slc-23° direction and nt is wery™ simivareeto 
the enzyme described by Stevens. They state that it degrades 
SSDNA to yield 5'-deoxyribonucleotides and that it also 
digests poly(A), 16S and 23s RNA, but they do not indicate 
how active the enzyme is with these last three substrates. 
Therefore, it seems likely that Stevens and Villadsen et al 
have described the same or similar activities. 

In summary, total RNA concentrations increase 
continuously throughout the mitotic cell cycle (Elliott and 
McLaughlin, 1979), but under conditions of nutritional 
deprivation, the RNA content of the cells decreases by as 


much as 50% (Croes, 1967a). Nucleolytic enzymes play a very 
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important role in the metabolism of nucleic acids. Several 
such enzymes have been investigated and can be placed in two 
broad classes. These are designated Mg’?*-independent 
nucleases and Mg’?*-dependent nucleases. The second class can 
be further broken down to include a membrane-bound 
endonuclease and a Mg’*-dependent 5'-exonuclease. These 
enzymes must act specifically and in a highly controlled 
manner, but, as yet, little is known about their control or 
PUNCEMOn. 

The purpose of this project was to follow the changes 
in the activity of these nucleases throughout the life cycle 
of S. cerevisiae. In this way it was hoped that a better 
understanding of the specific in vivo roles of these enzymes 
could be gained. Since they are most active with the same 
substrate, methods were devised to distinguish between the 
different nucleases. Finally, the Mg? *-independent 


endonuclease was studied to characterize it more completely. 
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II. MATERIALS AND METHODS 


A. Materials 

Triton X-100, heparin agarose, cycloheximide, poly(A), 
poly(C) and calf thymus DNA were all obtained from the Sigma 
Chemical Co. The DNA was used as the source of double- 
Stranded DNA (dsDNA). The single-stranded DNA (ssDNA) was 
prepared by heating the dsDNA at 100°C for 10 min and then 
cooling it rapidly. L-leucine-'‘C (uniformly labelled) 
(308 uCi/umol) was purchased from New England Nuclear and 
Poly(8-°H)-Adenylic acid (574uCi/umol) was obtained from 
Amersham. High molecular weight RNA and Zwittergent 3-14 
were purchased from Calbiochem. Sephadex G-100 superfine was 
obtained from Pharmacia Fine Chemicals while 
Zymolyase 60,000 was obtained from the Kirin Brewery Co. 
Ltd. N,N'-methylenebisacrylamide and acrylamide were both 
purchased from Eastman Kodak. All other materials and 
chemicals were purchased commercially. 

The media and solutions used in this investigation are 
as follows: 


Yeast Extract-Glucose Broth (pH 4.5) 
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Presporulation Medium (Roth and Halvorson, 1969) 
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Sporulation Medium (pH 6.5) 
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Brays Scintillation Fluid 
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phosphate, 0.2% Zwittergent 3-14, pH 6.0 


B. Methods 


Growth and Maintenance of the Organism 

Saccharomyces cerevisiae SK-1, obtained from the 
collection of Dr. R. von Tigerstrom, and a haploid strain 
derived from this organism were used for all experiments. 
The cells were maintained on phytone yeast extract agar at 
4°C, To obtain cells for the experiments, the organisms were 
grown routinely in yeast extract-glucose broth. Cultures 
grown to stationary phase (15-20 ODso.o) and stored at 4°C 


were used as inoculum. 
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Unless stated otherwise, cultures were incubated -at 
30°C with shaking at 250 rpm. Centrifugations were carried 
outsateiGO00xg7 fore seminkath4 °C and¥iwashing fofie®cellsufwas 
performed by Suspension into the indicated solutions 


followed by centrifugation. 


Sporulation of S. cerevisiae SK-1 

The following describes a typical sporulation 
experiment. All manipulations were carried out aseptically 
uSing sterilized solutions and containers. A 16 hr culture 
with an ODgoo of 15-20 was harvested by centrifugation and 
washed twice with cold water. The cells were suspended in 
presporulation medium to obtain 5x10* cells/mL and incubated 
without shaking at 30°C for 24-48 hrs. These cells were 
collected by centrifugation, washed once with cold water, 
resuspended to a density of 5x10’ cells/mL in sporulation 
medium and incubated for 24 hrs. The formation of asci was 


followed under the phase contrast microscope. 


Germination of S. cerevisiae SK-1 Spores 

S. cerevisiae was sporulated as described above. The 
asci were harvested by centrifugation and washed once in 
cold water. They were then suspended in 1/10 of the volume 
of buffer 1 and incubated with 0.2 mg/mL Zymolyase 60,000 
and 2.5 uL/mL B-mercaptoethanol for 30 min at 30°C to weaken 
the ascus wall. The asci were then washed twice, resuspended 


in the original volume of buffer 1 and passed through a 
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French pressure cell at 20.7 MPa. The free ascospores were 
centrifuged at 1600xg for 10min at 4°C and incubated in 
yeast extract-glucose broth. Outgrowth was followed under 
the phase contrast microscope by counting about 200 cells 
and determining the proportion of refractile ascospores to 


non-refractile vegetative cells. 


Obtaining a Haploid Strain of S. cerevisiae SK-1 

To obtain a haploid strain from S. cerevisiae SK-1, 
asci were harvested by centrifugation, washed once with cold 
water, and then suspended in buffer 1 to a final density of 
5x10° asci/mL. The cells were incubated with 0.4 mg/mL 
Zymolyase 60,000 for 10 min at 30°C and the spores were 
released from the ascus at 0-4°C by three 1 min bursts with 
a Bronwill Biosonik sonicator using maximum power. This was 
followed with the phase contrast microscope. After washing 
the spores twice with cold water, they were resuspended in 
water to 5x10° spores/mL and plated onto phytone yeast 
extract agar to obtain isolated colonies. After incubation 
at 30°C, several of the smaller colonies were selected, 
grown in yeast extract-glucose broth and placed under 
sporulation conditions. Cultures that did not sporulate were 
chosen as possible haploid isolates. To confirm that these 
cells were haploid, their DNA content was determined by the 
method of Stewart (1975) as described under analytical 
methods. The diploid strain was expected to contain about 


5 ug DNA/10* cells (Fasman, 1970). The haploid isolate 
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contained about 2.6 ug DNA/10* cells while the diploid 


Strain contained 4.8 ug DNA/10® cells. 


Preparation of Cell Extracts 

Two methods of preparing cell extracts were 
investigated. These were sphaeroplast formation and passing 
whole cells through a French pressure cell. 

Preparation of Sphaeroplasts 

The cells were harvested by centrifugation and washed 
in the cold with water followed by 1 M sorbitol, 0.1 mM 
potassium phosphate, pH 7.5 (sphaeroplasting buffer). The 
cells were then suspended in sphaeroplasting buffer to 
0.15 g (wet weight) per mL. After adding 2.5 uL/mL 
B-mercaptoethanol and 0.4 mg/mL Zymolyase 60,000 the cells 
were incubated at 30°C with occasional gentle agitation. 
Sphaeroplast formation wasS observed by phase contrast 
microscopy and by determining the decrease in the ODgoo 
after aliquots were diluted with water. When sphaeroplast 
formation was complete, they were washed twice by 
centrifugation at 800xg for 10 min at 4°C and gentle 
resuspension in sphaeroplasting buffer. 

Preparation of French Pressure Cell Lysate 

Cells harvested by centrifugation were washed twice 
wEtehmecold@@water “andigonce Gwithitcold bufiierhl. eThey were 
Suspendedminmcoldebufies Beilttotgobtainisig5a gercelisge(wet 
weight) per mL and passed twice through a French pressure 


cell at 103 MPa. From cell counts using the haemacytometer 
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it was judged that this resulted in the breakage of more 


than 90% of the cells. 


Separation of Nuclease Activities 

The cells were usually disrupted with a French pressure 
cebly The Mg? *-independent endonuclease and the 
5'-exonuclease were solubilized by making the cell extracts 
2 M KCl by addition of solid KCl and shaking for at least 30 
min at 0-4°C, followed by centrifugation at 100,000xg for 60 
min. The Supernatants were kept and the pellets were 
Suspended to one half of the original volume in buffer la 
and they were centrifuged again. The supernatants from _ the 
BLESE and second centrifugations containing the 
Mg?*-independent endonuclease and Mg? *-dependent 
5'-exonuclease activities were pooled and the pellets were 
Suspended to the original volume with buffer ia. The 
Mg?*-dependent nuclease was found in the 100,000xg pellet 


and was solubilized by adding Zwittergent 3-14 to 0.2%. 


Heparin Agarose Chromatography 

The Mg?*-independent endonuclease and Mg’*-dependent 
5'-exonuclease were isolated by column chromatography at 4°C 
using heparin agarose as the support. The Mg’*-dependent 
endonuclease was isolated on similar columns except all 
solutions contained 0.2% Zwittergent 3-14 and chromatography 
waSeucarried *out at ~8=10°C. The efollowing describes the 


method used for chromatography of the Mg? *-dependent 
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endonuclease. The columns (1.2x40 cm) were packed in 
buffer 3, washed with at least one column volume of the same 
buffer, and then equilibrated with buffer 2. The enzyme 
source was dialysed overnight at 8-10°C against two changes 
of buffer 2 and then centrifuged at 20,000xg for 20 min to 
remove any precipitates before being applied to the column. 
The column was eluted with 1 column volume of buffer 2 and 
then with a linear salt gradient consisting of about 2 
column volumes each of buffers 2 and 3. Fractions collected 
were assayed for nuclease activity and the protein was 


measured by determining the absorbance at 280 nm. 


Gel Filtration 

Sephadex G-100 superfine, suspended in 10 mM Tris-Cl, 
OeierMigNaCiy @020%1SDS, pH 7b wasguseds togpacksac2e5x43.cm 
column at room temperature. It was washed with at least 1 
column volume of the same buffer at a pressure of 45 cm of 
water. Five mL samples were applied and eluted with a flow 
rate smol =z20eems/hr.@ekractionseof 2.5 mL were collected and 


analyzed for enzyme activity and for protein (Azzso0). 


Enzyme Assays 

The Mg?*-independent and Mg’**-dependent endonuclease 
activities were assayed as described by 
von Tigerstrom (1982). The assay for the Mg’**-dependent 
5'-exonuclease is based on the method described by 


Stevens (1978). 
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Total Nuclease 

The total nuclease activity was measured by adding 
SO of the enzyme source in buffer 1 with 
On2% Zwittergent SalauetOmelo0 —posvoh S90temMeiTmis-Cly 
25 mM potassium phosphate, 0.2 M KCl, 5 mM MgCl2, 
1 mg/mL poly(A), pH 7.0 in 400 wL microfuge tubes. This 
mixture wasS incubated at 37°C and the reaction was stopped 
by the addition of 100 uL 12% PCA. The tubes were incubated 
at 0°C for at least 20 min and then centrifuged for 1 min in 
a Beckman microfuge. Two hundred uL of the supernatant was 
diluted with 800 wL of 4% PCA and the absorbance was 
determined at 260 nm. 

Mg?*-independent Endonuclease 

The Mg**-independent endonuclease activity was 
determined as described for the total nuclease except that 
the enzyme source in buffer 1 was added to an assay solution 
containing? 9O0NnemMeeTris-Cl1,0025 omM potassium phosphate, 
0.2 M KCl, 20 mM EDTA, 1 mg/mL poly(A), pH 7.0. 

Mg**-dependent Endonuclease 

The Mg?*-dependent endonuclease activity was determined 
by subtracting the Mg?*-independent endonuclease activity 
from the total nuclease activity. 

The units (umol of acid-soluble nucleotides released 
per min) of enzyme activity were determined using e=11,000 
for acid-soluble products from RNA and _ DNA, €=14)/200« for 
acid-soluble products from poly(A), and e¢=6,500 for 


acid-soluble products from poly(C) (Beard and Razzell, 
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1964). 

Mg**-dependent 5'-exonuclease 

The Mg? *-dependent 5'-exonuclease activity was 
determined by adding 50 wuL of enzyme source diluted in 
buiters thom butfere| withe0e2% Zwittergent 93-14ito #100UvnLvot 
OS125 M Na-glycinate, Team, “MqCls., €e0.37 mg/mbe BSA 
Ome SaMeNH Gl aiph 945. fThrsewaswincubated ior e5eminwat ars 72c 
in 400 uwL microfuge tubes before the reaction was started by 
addingm50enl OoG80.2 pGi/mioe*H-poliy (AQ. (2674 enGs/pmolae The 
reactions were stopped by adding 50 uL of 10 mg/mL BSA and 
50 wo 16% PCA,+ 0.75% uranyl acetate. The tubes were 
incubated at 0°C for at least 20 min and then centrifuged 
for 1 min in a Beckman microfuge. Two hundred uL of the 
Supernatant was added to 5 mL Brays scintillation fluid for 
the determination of acid-soluble radioactivity. The 
Mg?*-dependent 5'-exonuclease activity was estimated by 
Subtracting the activity obtained in the presence of 
0.2% Zwittergent 3-14 from the nuclease activity obtained in 


the absence of the detergent. 


Polyacrylamide Gel Electrophoresis of Mg’*-independent 
Endonuclease 

Polyacrylamide gel electrophoresis was carried out 
according to the method of Maizel (1971). The gels were cast 
between glass plates of 14.5 cm x 14 cm x 1.5 mm. To prepare 
40emniieohe7 25% eseparatingigel;a5 mb33 M TrassClipH 827, 710tmb 


acrylamide:bisacrylamide (30%:0.8%), 0.4 mL 10% SDS, 0.1 mb 
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TEMED and 24.4 mL water were combined at room temperature. 
TOs preparestiOamimot "spaceregel{y if25imL 0.5 M Tris-Cl pH 
6.7, 1 mL acrylamide:bisacrylamide(30%:0.8%), 0.1 mL 10% 
SDS, 25 uL TEMED and 7.6 mL water were combined at room 
temperature. These solutions were de-gassed under a vacuum 
for at least 15 min before adding 100 uwL and 50 uwL of 10% 
ammonium persulfate, respectively. The electrode buffer was 
5 mW Tris-glycine, 0.1% SDS, pH 8.0.° EBlectrophoresis was 
Carried out at a constant current of» 12 mA through the 
Spacer gel and 40 mA through the separating gel. 

Samples were prepared by adding SDS to 1% and boiling 
for 2 min before being applied to the gels. The protein 
Standards were: 200 uwg/mL f-galactosidase (MW 116,000), 
200 ug/mL phosphorylase B (MW 94,000), 200 wgo/mL BSA (MW 
68,000), 900 ug/mL y-globulin (H-chain MW 50,000, L-chain MW 
23,500), 300 ug/mL OVA (MW 43,000) and 300 ug/mL RNase A (MW 
13,700). They were dissolved in 10 mM Tris-Cl, pH 8.0, 
1%SDS, 0.1% B-mercaptoethanol, 20% sucrose and heated in a 
boiling water bath for 10 min. 

When electrophoresis was complete, the gels were 
usually cut»! in® half. SDS was extracted from one half with 
40% methanol, 7% acetic acid overnight at room temperature 
(M. A. Pickard, personal communication) and stained for 
protein using 0.1% coomassie blue in 25% isopropanol, 10% 
acetic acid (Fairbanks et al, 1971). SDS was extracted from 
theaothnerenaltectuchesqeimusing OtnseMs Tris>Cl,24 0x Btriton 


X-100, pH 7.0 overnight at room temperature in preparation 
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for an activity stain for Mg**-independent endonuclease. 

Polyacrylamide Gel Activity Stain 

The following method, suggested by K. L. Roy (personal 
communication), was used to determine the position of the 
Mg**-independent endonuclease in polyacrylamide gels. After 
removal of SDS from the polyacrylamide gel, the gel was 
incubated in 90 mM Tris-Cl, 25 mM potassium phosphate, 0.2 M 
KCl, 20 mM EDTA, pH 7.0 (Mg?*-independent endonuclease 
reaction buffer) for at least 1 hr at room temperature. It 
was then laid onto a 0.5% agarose gel (14.5 cm x 14 cm x 1.5 
mm) containing 0.2 mg/mL poly(A), covered with saran wrap 
and incubated at 37°C, usually for 6 hrs. The agarose _ gel 
was stained with 0.2% Toluidine Blue O in 0.5% acetic acid 
for at least 5 min and de-stained by repeated changes of 


Oe5%eacetictaciay 


Inhibition of Protein Synthesis by Cycloheximide 

Se cerevisiae@ was grown overnight in yeast 
extracueomucosesbprothetomannOD, go 1tofmeaboutr 105m The Scells 
were harvested by centrifugation, washed twice with 50 mM 
potassium acetate, pH 5.0 and suspended in this medium to an 
ODso0o0 of 5. To ensure that protein synthesis was inhibited, 
the following procedure was followed. After addition of 0.1, 
0.5 and 1.0 mg/mL cycloheximide, the cells were incubated 
for 5 min before ‘*C-leu (308 uwCi/umol) was added to a final 
concentration of 0.1 wCi/mL. At various times 0.2 mL samples 


were taken and added to 1.8 mL ice cold 5.5% PCA and 
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incubated on ice for at least 5 min. The samples were then 
placed in a boiling water bath for 10 min, cooled quickly 
and filtered through #3 Whatman filter paper disks. The 
disks were washed twice with 5 mL cold 5% TCA, air dried and 


counted in 5 mL Brays scintillation fluid (Bray, 1960). 


End Products of the Mg’*-independent Endonuclease 

To determine the degradation products of the 
Mg’?*-independent endonuclease, 3 units of purified enzyme 
isolated from stationary phase cells was added to 20 mL of 
SDOMemMETrAs- Ole igmMeEDTAG tmg/mb, poly(A) ),. pH. 7. Ot-Thaisi was 
incubated at 37°C for 5 hrs and samples were taken to follow 
the degradation of the substrate. Two hundred uL of the 
reaction mixture were added to 100 wL of 12% PCA and 
incubated on ice for 20 min. The precipitate was sedimented 
by centrifugation in a Beckman microfuge for 1 min. Two 
hundred uwL of the supernatant were diluted to 1 mL in 4% PCA 
and the absorbance was determined at 260 nm. The reaction 
was stopped by incubation in a boiling water bath for 5 min. 
Five mL of these products were applied to a column of 
DEAE-cellulose as described in the following section. The 
peak fractions were pooled and treated with snake venom 
phosphodiesterase I or alkali to determine if the 
degradation products were 3'- or 5'-phosphate terminated. 
The phosphodiesterase I assay wasS carried out after MgCl, 
was added to the degradation products to give a final 


concentration of 8 mM and the pH was adjusted to 9.3. Excess 
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phosphodiesterase I was added and the solution was incubated 
at 37°C for 30 and 90 min. The reaction was stopped by 
placing the assay solution on ice. The alkali treatment was 
Carriedsoutiein.0.15/M KOH ate37 “CSfor 6 hrs.ueThe (reaction 
was stopped by adjusting the pH to 7.0 with 60% PCA followed 
by cooling on ice for 15 min. The precipitate which formed 
was removed by centrifugation at 12,000xg for 10 min. 

These reaction products were subjected to descending 
paper chromatography on Whatman #40 filter paper strips. The 
solvent systems used were isobutyric acid:M NH,OH (5:3) and 
O81 M sodium phosphate (pH 6.8):(NH,)2S0O2: n-propanol 
(100 mL:60 g:2 mL). The standards were 2' AMP, 3' AMP, 
5' AMP and adenosine. After chromatography, the spots were 


visualized under short wave ultraviolet light. 


DEAE-Cellulose Chromatography of Mg’ *-independent 
Endonuclease Degradation Products 

Chromatography of the degradation products was carried 
out on a 1.2x15 cm column of DEAE-cellulose equilibrated 
with 20 mM NH,4HCO; pH 8.3 at 4°C. The degradation products 
were diluted 5-fold and the pH was adjusted to 8.3 before 
the solution was applied to the column. The column was 
eluted with 1 column volume of 20 mM NH,HCO; followed by a 
linear gradient consisting of about 2.5-3 column volumes 
each of 20 mM NH,HCO; and 0.6 M NH,HCO3, pH 8.3. Fractions 
of 1 mL were collected at a flow rate of 1 mL/min. The 


nucleotide content of the fractions was determined by 
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measuring the absorbance at 260 nm. 


Analytical Methods 

The method of Bradford (1976) was used for the 
determination of protein in cell fractions using OVA as the 
standard. Measurement of the absorbance at 280 nm was’ used 
to determine the protein content of column fractions 
(Warburg and Christian, 1941). 

DNA was determined by the method of Stewart (1975). The 
extraction procedure iS Summarized below. Samples were 
treated with an equal volume of 0.5 M PCA for 15 min at 0°C 
and then centrifuged. This was repeated once after the 
pellet was resuspended to the original volume with cold 
water. The pellet was then suspended to the original volume 
with 0.5 M PCA. This suspension was incubated at 70°C for 15 
min, cooled on ice and centrifuged. The pellets were treated 
EWLCeMETIONeR WHth UNSUM! PCATat® 708Cifor 15 >min andrall ofthe 
Supernatants from these treatments were pooled. The DNA 
content of the supernatant fraction was assayed with the 


diphenylamine reagent using calf thymus DNA as the standard. 
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III. RESULTS 


A. Growth, Sporulation and Germination of 


Saccharomyces cerevisiae SK-1 


Growth 

Se cerevisia@ was cultured routinely in yeast 
extract-glucose broth and had a generation time of about 90 
min during exponential growth, aS seen in Fig 2. When 
exponential phase cells were required, they were harvested 
at an ODgoo Of 4 to 6. Stationary phase cells were harvested 


when the culture had an ODgoo0 Of greater than 18. 


Sporulation 

Saccharomyces cerevisiae SK-1 was used in this project 
because it sporulates efficiently (Kane and Roth, 1974). 
However, I found that isolates from a culture varied widely 
with respect to their ability to sporulate. Two of these 
isolates yielded ascospores to greater than 90% of the total 
cell population after 24 hrs and one was selected for all 
further experiments. 

It has been noted by some workers that the timing and, 
perhaps, the extent of ascospore formation are dependent 
upon the cell density in the sporulation medium (Fowell, 
1969). A density of 1 to 2.5x10’ cells/mL has been used for 
efficient sporulation (Haber and Halvorson, 1972; Hopper et 


al, 1974: Marmiroli et a], 1983). To determine the maximum 
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FIGURE 2 
Growth of Saccharomyces cerevisiae SK-1 


S. cerevisiae SK-1 was grown in yeast extract-glucose 
broth at 30°C with shaking at 250 rpm. The medium was 
inoculated to an optical density of about 2 using a 
culture grown to stationary phase. Cell growth was 


measured by optical density at 600 nm after dilution 
into water. 
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cell density which could be used, S. cerevisiae was 
inoculated into unbuffered sporulation medium to various 
densities. Sporulation was carried out as described in the 
methods section and the results are shown in Fig 3. The 
onset of sporulation was unaffected up to 5x10’ cells/mL, 
but at 10x10’ cells/mL it was delayed about 2 hrs, although 
the extent of ascospore formation was the same in all cases. 
Therefore, all sporulation experiments were carried out at a 
density of 5x10’ cells/mL. 

AS yeast sporulate, the PH of the unbuffered 
sporulation medium rises very quickly from 7 to 9 (Wejksnora 
and Haber, 1976). While Mills (1972) reported that 
sporulation iS inhibited in buffered sporulation medium, 
McCusker and Haber (1977) showed that several buffers could 
be used to stabilize the pH without affecting ascospore 
formation. To determine if this was true for the yeast used 
here, sporulation was carried out in unbuffered sporulation 
medium (pH 7.1), and media buffered with either 0.2 M MOPS 
(pH 6.6) or 0.2 M PIPES (pH 6.1). As shown in Fig 4, the pH 
of the buffered sporulation media showed virtually no 
change, while the pH of the unbuffered medium quickly 
increased more than 1.5 units. MOPS was chosen for use in 
subsequent experiments because the pH was closest to that of 
the unbuffered sporulation medium and because sporulation 
was delayed less than when PIPES was used as the buffer. 

The progression from a budding vegetative cell, to 


immature ascospores, to the mature asci as S. cerevisiae 
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FIGURE 3 


Sporulation of S. cerevisiae SK-1 at Increasing Cell 
Densities 


Cells were harvested from presporulation medium and 
inoculated into unbuf fered sporulation medium at 
increasing cell densities. They were incubated at 30°C 
with shaking at 250 rpm. Samples were taken at the 
indicated times and the percent spores was determined by 
counting approximately 200 cells under the _ phase 
contrast microscope. 
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FIGURE 4 


Sporulation of S. cerevisiae SK-1 in Buffered and 
Unbuffered Sporulation Medium 


Cells harvested from presporulation medium were 
inoculated into 1% potassium acetate, pH 7.1 and 1% 
potassium acetate buffered with 0.2 M MOPS, pH 6.6 or 
0.27M PIPES, *pH 6.1 to a fanalycells density sol meox Ue 
cells/mL. The cells were incubated at 30°C with shaking 
at 250 rpm. Samples were taken at the indicated times 
and the percent spores and pH of each were determined. 


Unbuffered Sporulation Medium: e———me 
Medium Buffered with MOPS: Oye B®) 
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sporulates is shown in Plate 1. 


Germination 

Yeast ascospores proceed from a dormant to a 
vegetative, metabolically active state as they germinate. To 
determine the nuclease activities in these cells, they were 
treated with Zymolyase 60,000 to remove the ascus coat as 
described in the methods section. This was done for three 
reasons: the spore suspension could be broken quickly after 
samples were taken, germination could be followed more 
readily by phase contrast microscopy and cells which had not 
sporulated could be removed by this procedure. A typical 
germination experiment is presented in Fig 5 which shows the 
increase in vegetative cells after inoculation of free 
spores into yeast extract-glucose DEOEn. Germination 
proceeded very quickly and synchronously and was more than 
90% complete after 4 hrs. 

Initially germination was determined by counting the 
number of cells with buds, but this was abandoned for _ two 
reasons. The first was that not all of the cells will have 
buds, resulting in an underestimation of the percentage of 
vegetative cells. The second was that metabolic activity 
would probably increase to vegetative levels well before bud 
emergence. Therefore, to determine the point of germination, 
the appearance of the cells under the phase contrast 
microscope was used. The spores are very refractile and 


appear light, while the vegetative cells are non-refractile 
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PLATE 1 


Phase Contrast Photomicrographs of S. cerevisiae SK-1 at 
Different Stages of Sporulation 


Cells were collected, washed and resuspended into 
Sporulation medium to a final cell density of 5x10’ 
cells/mL. Wet mounts of the cell suspension were 
photographed at various times during sporulation. 


A. Vegetative cell at zero time in Sporulation 
showing a bud. Magnification=730 


B. Immature spores contained in an ascus. 
Magnification=560 


C. Mature ascospores (+) with an unsporulated cell 
(> )Magnification=800 


42 


- o 
A 
=enee <see" $aceckemiaiin’ - 
t «= 


' +. 


2 Aap! 


hd 


esx0qt 4x2 mnlzh ove 2 ¥o webseninred 
a F 


ie = See -oy see teeey ogeat be telitsont sie BRLOTE 


7 Leu | > "Orne ash & 69 
i. OSSINING wsiie¢ do\alies "Uist lo yttens) & 
>*0q) 7a" 


ie = 


-y siediondi. sisw ysdtT .4ueee Sif mor). 


- teba Bewplio3 sw csworpiud .@q? O28 se poitede 
; ie . f2e7sNG> = 6seei 
sid Chitnugst yA SgooeoOIDim FBO ING: s 


| latino EVizsese-e) alles dush bas (2a s0ge) tliiso Spd 
- 603°~= 3 | is 
7 re ji . 7 
a ' 
o 
r = a, 


TCO? 6 0691.0661.06 Ow be) 604 9644. 


FIGURE 5 


Germination of S. cerevisiae SK-1 Spores 


Spores were inoculated into yeast extract-glucose broth 
to a density of 5x10’ cells/mL after being released 
from the ascus. They were incubated at 30°C with 
shaking at 250 rpm. Outgrowth was followed under the 
phase contrast microscope by counting the number of 
light cells (spores) and dark cells (vegetative cells) 
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and appear dark, as shown in Plate 2. This allowed more 


objective observation of spore germination. 


B. Differential Assays of the Nucleic Acid-Degrading Enzymes 

Three nucleic acid-degrading enzymes were investigated 
in this project. These enzymes are called Mg?*-dependent 
endonuclease (von Tigerstrom, 1982), Mg?*-independent 
endonuclease (Ohtaka et a], 1963; Nakao et a], 1968) and a 
Mg**-dependent 5'-exonuclease (Stevens, 1980). It was hoped 
that these three enzymes could be assayed fairly 
Specifically in crude cell extracts. However, the extent to 
which each nuclease might contribute to the activity of the 
others had to be determined. 

The substrate used in the assay of all three enzymes 
was poly(A). The Mg?*-dependent 5'-exonuclease required the 
use of *H-poly(A) due to the low activity of this enzyme. 
Although the enzymes could not be differentially assayed 
according to their substrate, they could be distinguished 
according to the characteristics listed in Table 3. The 
divalent metal requirement was important since the 
Mg?*-independent endonuclease was completely active in the 
presence of high concentrations of EDTA, whereas the other 
two enzymes were completely inactive in the absence of Mg’*”. 

The pH of the assay solution was used in part to 
differentiate the Mg?*-dependent 5'-exonuclease activity 
from the other nucleases, since its optimum pH is 8.0-8.5 


(Stevens, 1980). At this pH the Mg?*-independent and 
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PLATE 2 


Phase Contrast Photomicrographs of Germinating Spores of 
S. cerevisiae SK-1 


The spores were released from the ascus and inoculated 
into yeast extract-glucose broth to a final cell density 
of 5x10’ cells/mL as described in the methods’ section. 
Samples of the spore suspension were photographed after 
preparation of wet mounts. 


A. Individual spores at zero time of germination. 
The spores appear very light under the phase 
contrast microscope. Magnification=520 


B. Shows a mixture of ungerminated spores (>) and 
vegetative’ cells (——)= These vegetativemscerss 
appear dark under the phase contrast microscope. 
Magnification=640 
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TABLE 3 


Summary of the Characteristics used to Differentiate 
the Mg°t- independent Endonuclease, Mg**-dependent Endonuclease 
and Mg**-dependent 5'-exonuclease 


Mg°* - independent Mg**-dependent Mg?+-dependent 
Endonuclease Endonuclease 5'-exonuclease 
Mgt Required No Yes Yes 
Assay pH 70 7.0 8.0 
Effect of None Activates Inhibits 
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Mg**-dependent endonucleases have very low activity, as seen 
in Table 4. However, the Mg?*-dependent 5'-exonuclease assay 
using *H-poly(A) is very sensitive and even low activities 
of the other enzymes could still interfere. The effect of 
Zwittergent 3-14 on each of the enzymes overcame this 
difficulty. While this detergent is required to solubilize 
and activate the Mg” *-dependent endonuclease (von 
Tigerstrom, 1982), it had no effect on the Mg?*-independent 
endonuclease and completely inhibited the Mg?*-dependent 
Dee XONUCLeASe. ss lOmeCONLArmee this, the Mg’**-independent 
endonuclease and Mg’**-dependent 5'-exonuclease activities 
were separated by heparin agarose chromatography as 
described in the methods section. The elution of the enzymes 
is shown below (Fig 7). Assays of the fractions using the 
reaction mixture for the Mg**-dependent 5'-exonuclease 
containing *H-poly(A) but not Zwittergent 3-14 revealed two 
peaks of activity. Only the first peak was seen in the 
presence of the detergent so this activity was likely due to 
the Mg?*-independent endonuclease. To confirm this, the mode 
of attack of the three enzymes was verified and is shown in 
Table 5. When the mode of attack of the two peaks of 
activity was determined, it was found that peak I was an 
endonuclease while peak II, which was not’ seen in the 
presence of detergent, waS an exonuclease. Therefore the 
Mg?*-independent endonuclease (peak I) cross-reacts in the 
assay of the Mg?*-dependent 5'-exonuclease (peak 11) but the 


two enzymes can be distinguished by adding detergent. 
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TABLE 4 


Activity of the Mg?*- independent Endonuclease 
and Mg?*-dependent Endonuclease at pH 8.0° 


pH Activity *Activity 


(U/mL ) 


Mg?" - independent 7.0 0.654 100 
Endonuclease 
8.0 O2012 1E8 
2+ 
Mg~ -dependent 7h) 1.683 100 
Endonuclease 
8.0 DFO lz 6)7/ 


The enzymes used were purified by extraction of cell extracts and 
heparin agarose chromatography 


soe | | 
ide) ie ae ry, 


_ . 


U Mae - _ a 


» Beaty 
seal 3hObRP 
‘8 lin. Ye Sbedt 


wits paar sf Adie 
oS __{ i DF 


51 


TABLE 5 


Mode of Hydrolysis of the Mg?*-independent Endonuclease, 


+ 
Mg? -dependent Endonuclease and Mg?*-dependent 5'-exonuclease® 
Nuclease Activity (U/mL) Mode of 
Hydrolysis 


12% PCA 12% PCA Relative 
Uranyl Acetate Activity 


2+. 
Mg~ -independent 
Endonucledse 0.602 Ona, 1:0.394 Endonucleolytic 
Mg?" -dependent 
eedonticleace 1.458 0.612 1:0.420 Endonucleolytic 


2+ 
Mg~ -dependent 
5'-exonuclease 6.036 5.974 1:0.990 Exonucleolytic 


(x10*) 


“The enzymes used were purified by extraction of cell extracts and 
heparin agarose chromatography 
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In a Similar experiment, the Mg? *-dependent 
endonuclease was purified by heparin agarose chromatography. 
It was found that this enzyme was not active under the 


conditions of the Mg**-dependent 5'-exonuclease assay. 


C. Separation of the Nucleic Acid-Degrading Enzymes 


Preparation of Cell Extracts 

Before changes in nuclease activities could be 
determined, it was necessary to develop methods to break the 
cells and to extract the enzymes quickly and efficiently. 
Two methods were considered. The first method involved the 
preparation of sphaeroplasts which were disrupted by osmotic 
shock followed by brief sonication. The second method 
involved breaking the cells directly with the French 
pressure cell. 

Preparation of Sphaeroplasts 

Sphaeroplasts were prepared as described in detail in 
the methods section and the formation of sphaeroplasts was 
considered complete when the ODgoo0 of the diluted suspension 
decreased about 90-95%. As shown in Fig 6, it required 
incubation at 30°C for at least 25 and 50 min to _ produce 
complete sphaeroplasts of exponential phase and stationary 
phase cells, respectively. During this time, the metabolism 
of the cells would have undoubtedly changed, which is a 


serious drawback of this method. 
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FIGURE 6 


Sphaeroplast Formation of S. cerevisiae SK-1 
Exponential- and Stationary Phase Cells 


Exponential- and stationary phase cells were used to 
prepare sphaeroplasts as described in the methods 
section. Sphaeroplast formation was followed by diluting 
the cell suspension into water and determining the 
decrease in optical density at 600 nm. 


Exponential Phase Cells: e-=<<e 


Stationary Phase Cells: O=—O 
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Preparation of French Pressure Cell Lysate 

To determine the efficiency of breakage of the yeast by 
this method, cells were counted in a haemacytometer before 
and after passage through the French pressure cell. The 
breakage obtained with sporulating and germinating cells is 
shown in Table 6. Time (hrs) represents the number of hours 
the cells were incubated under sporulation or germination 
conditions. The proportion of broken cells was, in almost 
all cases, greater than 90%. The two exceptions were the 
diploid strain at 10 hrs under sporulation conditions and at 
zero time under germination conditions. Therefore, it was 
not possible to break the spores efficiently and to 
determine their nuclease activities accurately. In spite of 
these difficulties, this method of preparing cell extracts 
was used throughout this project since it is faster than 
preparing sphaeroplasts and did not require incubation at 


S02 


Extraction of Nucleases from Cell Extracts 

To determine the characteristics of the nucleases being 
investigated, it was desirable to develop methods to extract 
and separate the enzymes. To optimize the separation of the 
major nuclease activities, the cell extracts were treated 
with different concentrations of KCl. There was little 
effect on the solubility of the Mg**-dependent endonuclease 
between 0.5 M and 2.0 M~— KCl but the amount of 


Mg? *-independent endonuclease and Mg? *-dependent 
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TABLE 6 


Efficiency of Breakage of S. cerevisiae SK-1 Sporulating 
and Germinating Cells by the French Pressure Cell 


% Unbroken Cells 


Time(Hrs) Sporulating Cells Germinating Cells 
Haploid Diploid Haploid Diploid 
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5'-exonuclease extracted increased conSiderably. Therefore, 
in the preparation of cell extracts, KCl was added to 2 M to 
solubilize the nucleases, and the Mg? *-dependent 
endonuclease was separated from the other two enzymes. by 
centrifugation at 100,000xg as described in the methods 
section. More than 90% of the Mg?*-dependent endonuclease 
was found in the pellet fraction while the Mg**-independent 
endonuclease and the Mg? *-dependent 5'-exonuclease 
activities were found almost exclusively in the supernatant. 
If the cell extracts were not treated with KCl, all three 


nucleases were found in the pellet after centrifugation. 


Heparin Agarose Chromatography 

The pellet and supernatant fractions of the cell 
extracts were analysed by chromatography on heparin agarose 
as described in the methods section. A _ typical column 
profile of the 100,000xg supernatant is shown in Fig 7 and 
chromatography of the 100,000xg pellet solubilized with 0.2% 
Zwittergent 3-14 is shown in Fig 8. 

Two peaks of activity, designated peak I and II, were 
observed in Fig 7 when the assay for the Mg’**-dependent 
5'-exonuclease activity was carried out in the absence of 
Zwittergent 3-14. Peak I was insensitive to the detergent 
and eluted precisely with the Mg’**-independent endonuclease. 
Peak II was inhibited by Zwittergent 3-14 and this peak was 
due to the activity of the Mg?*-dependent 5'-exonuclease. 


The profile of the Mg’**-dependent 5'-exonuclease activity 
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FIGURE 7 


Heparin Agarose Chromatography of S. cerevisiae SK-1 
Exponential Phase Cell Extract 100,000xg Supernatant 


The cell extract 100,000xg supernatant was dialysed 
overnight at 0-4°C against two changes of buffer 2 
without Zwittergent 3-14. A 4 mL sample was applied to a 
1.2x40 cm column of heparin agarose and eluted as 
described in the methods section. Fractions of 1.8 mL 
each were collected at a flow rate of 0.8-0.9 mL/min and 
assayed for nuclease activity and protein as described 
in the methods section. 


Mg’?*-independent Endonuclease (x10?): eme=me 
Mg’*-dependent Endonuclease (x10?): A—A 
Mg’?*-dependent 5'-exonuclease (x10‘): g—_—_—_# 
protein Concentration: W---V 


KCl Concentration: nis 
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FIGURE 8 


Heparin Agarose Chromatography of S. cerevisiae SK-1 
Exponential Phase Solubilized Cell Extract 100,000xg 
Pellet 


The cell extract 100,000xg pellet was treated with 0.2% 
Zwittergent 3-14 and dialysed overnight at BE bie 
against two changes of buffer 2. A 4 mL sample was 
applied to a 1.2x40 cm column of heparin agarose and 
eluted as described in the methods section. Fractions of 
1.8 mL were collected at a flow rate of 0.8-0.9 mL/min 
and assayed for nuclease activity and protein as 
described in the methods section. Nuclease activity with 
SSDNA aS Substrate was also determined using Total 
nuclease assay conditions. 


Mg’?°-independent Endonuclease (x107): e=mm-ese 
Mg’?*-dependent Endonuclease (x10?): Loe A 
Mg**-dependent 5'-exonuclease (x10‘): Ss-——-a 
SSDNA (x10?): SINE) 
Protein Concentration: VW---Vv 


KCl Concentration: ane 
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presented in Fig 7 has been corrected by subtraction as 
described in the methods section. The fractions were also 
assayed for Mg’**-independent endonuclease activity using ds- 
and ssDNA as substrate. Little or no activity was observed 
in any of the fractions. 

Both Figs 7 and 8 show that chomatography on heparin 
agarose can be used to separate and partially purify these 
nucleases. They also. show that centrifugation of the cell 
extracts at 100,000xg resulted in a virtually complete 
separation of the Mg? *-independent endonuclease and 
Mg” *-dependent 5'-exonuclease activities from the 
particulate Mg? *-dependent endonuclease. Assay of the 
fractions with ds- and ssDNA as substrate showed that the 
Mg?*-dependent endonuclease was fairly active with the ssDNA 
but not with dsDNA. 

From these results it can be seen that the three 
nuclease activities could be quantitatively separated by 
centrifugation at 100,000xg and partially purified on 
heparin agarose. This separation was essential TOF 
establishing specific assay conditions for the enzymes as 


described above. 


D. Changes in Activity of the Nucleic Acid-Degrading Enzymes 
Throughout the Life Cycle of Saccharomyces cerevisiae 

To determine the possible functions of the 

Mg? *-independent endonuclease, the Mg’ *-dependent 


endonuclease and the Mg?*-dependent 5'-exonuclease it was 
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decided to follow the changes in their activities during the 
cell cycle. The stages which were investigated were the 
transition from exponential to stationary phase (vegetative 
growth), sporulation and germination. The following 
experiments were carried out at least twice and were found 


to be reproducible. 


Vegetative Growth 

As the cells proceed from exponential to stationary 
phase, a variety of metabolic changes occur. As the growth 
rate slows, the rate of breakdown of macromolecules such as 
protein and RNA increases (Hopper et a], 1974). The nuclease 
activities at these two growth stages were meaSured and are 
shown in Table 7. The increase in activity of the 
Mg? *-independent endonuclease and Mg’? *-dependent 
5'-exonuclease from exponential GO stationary phase 
indicates that these two enzymes may be involved in the 
degradation of RNA. Of the two, the Mg**-independent 
endonuclease showed the greatest change suggesting that this 
enzyme may have a more active role in RNA metabolism. The 
activity of the Mg?*-dependent endonuclease decreased about 
50% as the cells proceeded from exponential to stationary 
phase indicating that it has a function other than _ the 


degradation of RNA, but its role cannot be determined at 
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TABLE 7 


Changes in Nuclease Activities of S. cerevisiae SK-1 as 
the Cells Proceed from Exponential Phase to Stationary Phase 


Nuclease Activity (U/mg) 


Exponential Stationary Relative 
Phase Phase Activity 
ae 
Mg” -independent 157 13.47 1:3.8 
Endonuclease (x107) 
2+ 
Mg -dependent 11.66 5.52 1:0.5 


Endonuclease (x107) 


Mg**-dependent 
5'-exonuclease 1.93 3.82 320 
(x10®) 
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Sporulation 

S. cerevisiae strains which are heterozygous at the 
mating type locus form asci when placed in a medium 
containing a non-fermentable carbon source, such as acetate, 
in the absence of a nitrogen source (Esposito and Klapholz, 
1981). To determine if changes in nuclease activities were 
sporulation specific, a non-sporulating control was 
required. For this purpose it was decided to use a haploid 
Strain of S. cerevisiae SK-1. Its isolation is described in 
the methods section. Unless’ stated otherwise the haploid 
Strain was treated in exactly the same manner as the diploid 
strain. 

The changes which occur with respect to the nuclease 
activities from the diploid and haploid strains under 
Sporulation conditions are shown in Figs. 9 and 10> 
respectively. In both cell populations, the Mg?*-independent 
endonuclease and Mg?*-dependent 5'-exonuclease activities 
increased considerably over the course of the experiment, 
suggesting that these changes are not sporulation specific, 
but reflect the starvation conditions which prevailed. Under 
these conditions, RNA is being continually synthesized and 
degraded at increasing rates. The increase in the 
Mg? *-independent endonuclease and Mg? *-dependent 
5'-exonuclease activities indicates that these enzymes may 
function in the degradation of RNA. The Mg’*-dependent 
5'-exonuclease showed a larger increase in the diploid 


Strain than the haploid cells, but it is difficult to 
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FIGURE 9 


Changes in Nuclease Activities of Diploid S. cerevisiae 
SK-1 Under Sporulation Conditions 


Diploid cells were placed under sporulation conditions 
at a density of 5x10’ cells/mL and cell extracts were 
obtained at 2.5 hr intervals by passing the cells 
through a French pressure cell at 103 MPa. Nuclease 
activities were isolated and assayed as described in the 
methods section. Ascospore formation was followed by 
phase contrast microscopy as described previously. 


Mg?*-independent Endonuclease (x10?7): e-*=m-se 
Mg?*-dependent Endonuclease (x10?): —— 


Mg’*-dependent 5'-exonuclease (x10*): s—-——# 
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FIGURE 10 


Changes in'Nuclease Activities of Haploid S. cerevisiae 
SK-1 Under Sporulation Conditions 


Haploid cells were inoculated into sporulation medium to 
a density of 5x10’ cells/mL and cell extracts were 
obtained at 2.5 hr intervals by passing the cells 
through a French pressure cell at 103 MPa. The nucleases 
were isolated and assayed as described in the methocs 
section. 


Mg?*-independent Endonuclease (x10?): em-—me 


Mg**-dependent Endonuclease (xi0?): a 
Mg’**-dependent 5'-exonuclease (x10‘): s-——@ 
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determine if this is a sporulation specific event since the 
Same trend was seen in both populations. 

Themmec ty lt Yaaro rf the Mg’ *-dependent endonuclease 
decreased about 50% over the course of the experiment in 
both cell populations which may reflect a decrease in the 
number or activity of the mitochondria, degradation of the 
enzyme, or both. However, in some experiments its activity 
increased as much as 2-fold in the first few hours of 
Spouulacivon eins thesdiploidestrain.s his) increase awaSmenot 
observed in the haploid strain which indicates that the 


Mg**-dependent endonuclease may have a role in meiosis. 


Germination 

The germination experiment was carried out as described 
in the methods section except that the haploid cells were 
not treated with Zymolyase 60,000 or passed through the 
French pressure cell. 

Changes in the enzyme activities during germination of 
the spores can be seen in Fig 11. The activity of the 
Mg” *-dependent endonuclease increased from almost 
undetectable levels to become the major nuclease activity in 
the cell while the Mg?*-independent endonuclease and 
Mg?*-dependent 5'-exonuclease showed little change. 

Changes in nuclease activities of the haploid strain 
after the cells were transfered from sporulation medium to 
growth medium are shown in Fig 12. The changes in the 


Mg?*-dependent endonuclease observed here are very similar 
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FIGURE 11 


Changes in Nuclease Activities of S. cerevisiae SK-1 
Spores Under Germination Conditions 


Asci were collected and the _ spores liberated as 
described in the methods section. They were inoculated 
to 5x10’ cells/mL into yeast extract-glucose broth and 
cell extracts were obtained at 2.5 hr intervals by 
passing the cells through a French pressure cell at 
103 MPa. Outgrowth was followed by phase contrast 
microscopy and the nuclease activities were isolated and 
assayed as described in the methods section. 


Mg?*-independent Endonuclease (x10?7): eccame 
Mg?*-dependent Endonuclease (x10?): Ln 
Mg**-dependent 5'-exonuclease (x10‘): g—_—_-@ 
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FIGURE 12 


Changes in Nuclease Activities of Haploid S. cerevisiae 
SK-1 Under Germination Conditions 


Haploid cells were transfered from sporulation medium to 
yeast extract-glucose broth to a density of 5x10’ 
cells/mL. Cell extracts were obtained at 2.5 hr 
intervals by passing the cells through a French pressure 
cell at 103 MPa. The nucleases were isolated and assayed 
as described in the methods section. 


Mg?*-independent Endonuclease (x10?7): eeme-e 
Mg?*-dependent Endonuclease (x10?): bor 


Mg’?*-dependent 5'-exonuclease (x10‘):; @=-—-8& 
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to the changes seen in the germinating spores, showing an 
overall increase in activity from relatively low levels at 
zero time. 

The activities of the Mg?*-independent endonuclease and 
Mg’*-dependent 5'-exonuclease however, were relatively high 
at zero time in this cell population and decreased over the 
course of the experiment. The Mg?*-dependent 5'-exonuclease 
at zero time showed a similar activity to that observed in 
the haploid cells at 10 hrs under sporulation conditions. 
This indicates that between 10 hrs in sporulation medium and 
the time the cells were transfered to growth medium, the 
activity of this enzyme remained fairly constant, unlike the 
Mg?*-independent endonuclease which continued to increase in 


activity during this time. 


Nuclease Stability in vivo 

Variations in nuclease activities may be brought about 
by changes in the rates of synthesis or degradation of the 
enzyme, inhibition or activation by some other means, or by 
a combination of these. Ae decide between these 
possibilities, it was desirable to establish the stability 
of the nucleic acid-degrading enzymes in vivo. This was 
determined by inhibiting protein synthesis and measuring the 
rate of decrease in enzyme activity. Protein synthesis was 
inhibited under growth, sporulation and germination 
conditions by cycloheximide. To determine the concentration 


of cycloheximide required to stop protein synthesis, the 
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inhibition of '4C-leu incorporation into hot 
acid-precipitable materials was measured as described in the 
methods section. Concentrations of 0.1, 0.5 and 1.0 mg/mL 
cycloheximide were tested, all of which stopped the uptake 
of **C-leu into proteins by more than 95%. To ensure 
complete inhibition of protein synthesis under the various 
culture conditions, a concentration of 0.5 mg/mL was used in 
all subsequent inhibition experiments. 

The in vivo stability of the nucleic acid-degrading 
enzymes in exponential phase cells growing on yeast 
6xtrvactsd LUCOSEMEDLOLIN 1S) Showni in  Figu 13-0.) Tne three 
nucleases were all quite stable, decreasing in activity only 
very slowly under these conditions. Therefore, although the 
Mg?*-dependent 5'-exonuclease activity varied somewhat, none 
of the enzymes were synthesized or degraded to any great 
extent in cells inhibited with cycloheximide. 

In both the haploid and Sage hhon le: strains under 
sporulation conditions, there was very little change in the 
activities of the nucleic acid degrading enzymes when 
protein synthesis was inhibited by cycloheximide (data not 
shown). This suggests that under these conditions, the 
nucleases were very stable over the duration of the 
experiment and the rate of proteolysis of these enzymes was 
slow. 

The stability of the nucleic acid-degrading enzymes in 
both strains under germination conditions was determined as 


well (data not shown). The nucleases were, in general, very 
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FIGURE 13 
In vivo Stability of Nucleic Acid-Degrading Enzymes 


Cells were grown to exponential phase in yeast 
extract-glucose broth. Cycloheximide was added to a 
final concentration of 0.5 mg/mL in the test culture. 
The cells were harvested at the indicated times and 
broken by passing them through the French pressure cell 
at 103 MPa. The nucleases were isolated and assayed as 
described in the methods section. 


Mg?*-independent Endonuclease (107): eameame 
Mg?*-dependent Endonuclease (x10?): —— A 


Mg’?*-dependent 5'-exonuclease (x10‘°): Q-——am-g 
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Stable under these conditions. One exception was the 
Mg’*-independent endonuclease in the haploid strain. The 
rapid decrease in the specific activity of this enzyme as 
seen in fig 12 was substantially reduced by cycloheximide. 
Therefore, this decrease was probably due to de novo 


synthesis of proteases. 


E. Electrophoretic Characterization of the Mg’**-independent 
Endonuclease 
The Mg?*-independent endonuclease showed the greatest 
variability throughout the cell cycle and it was decided to 
investigate its electrophoretic mobility and other physical 


and chemical characteristics. 


Mg**-independent Endonuclease Activity Stain 

mo determine the electrophoretic behavior of the 
Mg?*-independent endonuclease on polyacrylamide gels it was 
essential to develop an activity stain for this enzyme. 
Several methods were attempted. The first method was that of 
Blank and Dekker (1975). After electrophoresis of the enzyme 
on a non-denaturing polyacrylamide slab gel, at was 
incubated overnight with poly(A) which diffused into the gel 
and was digested by the nuclease. Staining the gel with 
Toluidine blue O, which binds to oligonucleotides, turns the 
background blue with clear areas indicating the position of 
the enzyme. Using this method, long streaks rather than 


sharp bands were obtained with a very light: @backgqnrounds 
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Bands may have become apparent if the incubation time was 
shortened but this would be limited by the rate at which the 
Substrate diffused into the gels, so this method was 
abandoned. 

The next method which was attempted involved 
incorporating poly(A) into the gel matrix along with 
spermine tetrahydrochloride (Karpetsky et a], 1980). It was 
found that the protein migrated only a short distance into 
the gel even after prolonged electrophoresis, which was 
probably due to the presence of poly(A), spermine or both. 
In addition, the poly(A) was not fixed in the gel matrix, 
possibly because the oligonucleotides were too short to 
remain immobile. 

This method was modified by replacing the spermine with 
SDS and adding poly(A) to the upper reservoir buffer so that 
if the substrate did migrate, it would be continually 
replaced. Although improvement in the banding of the 
nuclease was observed in the activity stain, distortions in 
the lanes were seen in both activity and protein stains, as 
shown in Plate 3. Therefore, this method was abandoned since 
the effects of these distortions on enzyme mobility are 
unknown. 

The method which was adopted involved the use of an 
agarose gel containing poly(A) over which the polyacrylamide 
gel was laid, as suggested by Dr. K. L. Roy and described in 
the methods section. A typical activity stain from a 


polyacrylamide gel loaded with increasing amounts of 
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PLATE 3 


Substrate-Containing Polyacrylamide Gel Electrophoresis 
of Mg**-independent Endonuclease 


A 10% polyacrylamide gel was cast containing 0.1% SDS 
and 0.1 mg/mL Poly(A). Electrophoresis was carried out 
at a constant current of 12 mA through the stacking gel 
and 30 mA through the separating gel for a total of 
7 hrs. When electrophoresis was complete, the gel was 
cut in half and after extraction of SDS, section A was 
Stained for nuclease activity and section B was’ stained 
for protein. Tracks 1 and 6 and tracks 2 and 7 each 
contain 6.5x10°? units of Mg**-independent endonuclease 
activity isolated from exponential phase cells and 
treated at 100°C for 2 min with 1% SDS and 1%SDS, 8 M 
urea, respectively. Tracks 3 and 8 contain 20x10~? units 
of partially purified nuclease isolated from stationary 
phase cells and treated with 1% SDS at 100°C for 2 min. 
Tracks 4 and 9 and tracks 5 and 10 each contain 50x10~? 
units of nuclease isolated from stationary phase cells 
and treated at 100°C 3for 2°min with 1% (SDS @andisix ss50s:; 
8 M urea, respectively. 
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nuclease is shown in Plate 4. Some diffusion of the enzyme 
is apparent but a greater degree of banding was seen here 
than in the previous methods. Since the polyacrylamide gel 
did not contain poly(A), interference of protein migration 
or degradation of the substrate during electrophoresis would 
not occur. In addition, the extent to which the activity is 
developed could be easily controlled by varying the 
incubation time of the gels before staining, which was 
usually about 6 hrs. Therefore, this method was used for all 


Puncneceworkein  thissareas 


Nuclease Characteristics on Polyacrylamide Gels 

The Mg**-independent endonuclease has been found to be 
very stable in SDS, as shown in Plate 5. It could be 
activated even after a 15 min exposure to 1% SDS ina 
boiling water bath, but activity was irreversibly lost when 
the enzyme was treated with B-mercaptoethanol indicating 
that disulfide bonds are required either at the active site, 
or to maintain protein conformation, or both. This 
sensitivity to B-mercaptoethanol was evident when the enzyme 
was detected by the activity stain or by the standard assay. 
Therefore, the loss of activity seen in plate 5, lane 5 
probably was not just due to the electrophoretic separation 
of subunits required for activity. 

Plate 6 represents an aCtIVity stain of a 
polyacrylamide gel loaded with Mg’**-independent endonuclease 


prepared from exponential phase (lanes 1 and 3) and 
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PLATE 4 


Activity Stain of a 10% Polyacrylamide Gel in SDS of 
Increasing Amounts of Mg’*’-independent Endonuclease 


Electrophoresis of the Mg**-independent endonuclease 
waS carried out for 12 hrs as described in the methods 
section. The nuclease was isolated from stationary 
phase cells and partially purified by heparin agarose 
chromatography. Tracks 1 throughms5 §contaitnee23 ox 10er 
TSxXIV0e2 % 242. 5x 10sse “25x10 sand 50x Umer ie omc 
enzyme activity, respectively. 
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PLATE 5 


Activity Stain of a 10% Polyacrylamide Gel in SDS of 
Mg?*-independent Endonuclease Heated for Increasing 
Times 


Electrophoresis of the Mg?*-independent endonuclease was 
Carried out for 8 hrs as described in the methods 
section. The enzyme was isolated from stationary phase 
cells and partially purified by heparin agarose 
chromatography. All tracks contain 0.05 units of enzyme 
activity. The enzyme applied to tracks 1 through 4 was 
heated” in. 1% SDS “at ) 100°C) Vfomei27) 47S eandmi oem ne 
respectively. Lane 5 contains nuclease heated in 1% SDS, 
1% B-mercaptoethanol at 100°C for 2 min. 
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PLATE 6 


Activity Stain of a 10% Polyacrylamide Gel in SDS of 
Exponential and Stationary Phase Mg’* *-independent 
Endonuclease Developed for Increasing Times 


Electrophoresis of the Mg?*-independent endonuclease was 
Carried out for 8 hrs as described in the methods 
section. Tracks 1 and 3 each contain 0.01 units of 
enzyme isolated from exponential phase cells and heated 
in 1% SDS at 80°C for 10) minws Tracks. 25 sandeu4 seach 
contain 0.05 units of enzyme isolated from stationary 
phase cells and heated in SDS as above. Tracks 1! and 2 
were incubated at 37°C for 4 hrs while tracks 3 and 4 
were incubated overnight before staining. 
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Stationary phase (lanes 2 and 4) cells. Two bands of 
activity were observed in lane 2 but only the slower 
migrating band (band 1) appeared in lane 1. However, the 
presence of the faster migrating band (band 2) was revealed 
upon overexposure of the activity stain, as seen in lane 3. 
The presence of two bands may be due to a separate nuclease 
which increases in activity as the cells enter stationary 
phase. However, band 2 may also be a breakdown product of 
band 1. 

Electrophoresis of the Mg?*-independent endonuclease 
with molecular weight markers was performed to determine the 
Size of the two bands of activity and the results are 
presented in Plate 7. Band 2 has a molecular weight of about 
50,000-68,000 dad, while band 1 is greater than 116,000 d. A 
third band of activity is observed in some cases running 
slightly faster than band 2. This band may be an artifact of 
electrophoresis, a separate nuclease activity or a modified 
form of band 2. 

Since there was such a large difference in the apparent 
molecular weights of the slow and fast migrating bands, 
their separation by gel filtration and ion exchange 
chromatography was attempted. Fig 14 shows the profile of a 
Sephadex G-100 superfine column eluted in the presence of 
SDS. While there was some separation of the protein 
components in the sample, a single peak of Mg? *-independent 
endonuclease activity was obtained at the void volume of the 
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PLATE 7 


Molecular Weight Determination of Mg’*-independent 
Endonuclease on 7.5% Polyacrylamide Gel in SDS 


Electrophoresis of the Mg’?*-independent endonuclease was 
Carried out for about 3 hrs as described in the methods 
section. The enzyme was isolated and purified from 
Stationary phase cells and 17 units were loaded onto 
lane 2 after treatment with 1% SDS at 100°C for 2 min. 
The molecular weight standards in track 1 are as 
follows: a. $-galactosidase, De phosphorylase B, 
c. bovine serum albumin, d. y-globulin heavy-chain, 
e. ovalbumin, £€. y-globulin gdignht-chainwand sq ew RNasemmAr 
The standards were heated at 100°C for 10 min in 1% SDS 
and 1% B-mercaptoethanol before electrophoresis. 
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FIGURE 14 


Sephadex G-100 Superfine Column Chromatography of 
Mg**-independent Endonuclease 


The Mg?*-independent endonuclease was isolated from 
Stationary phase cells as described in the methods 
section. The sample was heated in a boiling water bath 
in the presence of 1% SDS for 2 min. Three mL (about 4 
units of enzyme activity) was applied to a 2.5x43 cm 
column of Sephadex G-100 superfine equilibrated with 
10 .mMeTris-Cl, OCI mMoONaCl, 20. wesDsys Ohne. oer acu Ons 
of 2.5 mL were collected at a flow rate of 0.2 mL/min 
at room temperature. The fractions were diluted 25-fold 
in 0.1 M Tris-Cl) 13e5triton?sa900 pHi 7.0) andsassavyed 
for 2 hrs for Mg**-independent endonuclease activity. 
The arrow indicates the position of elution of Blue 
Dextran 2000. 


Mg?*-independent Endonuclease (x107): eceamece 


Protein: Vv 
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DEAE-trisacryl in the presence of SDS should separate 
polypeptides of different size since they would bind 
different amounts of SDS and the larger the molecule, the 
greater its negative charge would be. Chromatography of the 
Mg?*-independent endonuclease revealed a Single peak of 
enzyme activity. Therefore, since the enzymes could not be 
separated into two components by other means, perhaps the 
slower migrating band is an aggregate of the components of 
the faster migrating bands or the presence of multiple bands 
is an artifact of electrophoresis. 

Another possibility is that the presence of multiple 
bands was the result of proteolysis of band 1. To determine 
if this was the case the Mg?*-independent endonuclease was 
isolated from stationary phase cells in the absence and 
presence of the protease inhibitors PMSF and 
benzamidine-HCl. These samples were run on a_ polyacrylamide 
gel and the activity stain is shown in Plate 8. There is no 
difference in the migration pattern of the enzyme isolated 


in the absence or presence of the inhibitors. 


EF. Physical and Chemical Characterization of the 
Mg?*-independent Endonuclease 
Some of the physical and chemical properties of the 
Mg?*-independent endonuclease were determined so that this 
enzyme could be compared to _ those reported in the 


literature. 
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PLATE 8 


Activity Stain of a 7.5% Polyacrylamide Gel in SDS of 
Mg?*-independent Endonuclease Isolated in the Absence 
and Presence of Protease Inhibitors 


Electrophoresis of the Mg?’-independent endonuclease was 
carried out for 5 hrs as described in the methods 
section. tracks 9-39 8conta i nemee 7 kiO cis eS Xa eee and 
1.6x10°? umits, respectively, of enzyme isolated from 
Stationary phase cells in the absence of protease 
inhibitors. | Tracks) 5—7) vcontaineeox 10s.) 13x 10e28and 
1.7°? units, respectively of enzyme isolated from 


stationary phase cells in the presence of 10°°> M PMSF 
and 10°? M benzamidine-HCl. 
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The Substrate specificity of the Mg?*-independent 
endonuclease is shown in Table 8. The enzyme is more active 
with poly(C) than poly(A), which may indicate a preference 
of the enzyme for pyrimidine nucleotide bonds. It degrades 
dsDNA or ssDNA at a very low rate if at all. 

The effects of various divalent metal ions on the 
activity of the Mg’ *-independent endonuclease were 
determined as well. The assays were carried out in the 
presence of either 10,.mM «EDTA oMo? 0 Cu2 for) Fe*" No eftect 
on the activity of the enzyme compared to the EDTA control 
was observed. 

The pH optimum curves of the Mg? *-independent 
endonuclease isolated from exponential and stationary phase 
cells are shown in Fig 15. Although there are some 
differences in the profiles obtained, the similarities 
observed suggest that the pH optimum for both populations is 
between 6.5 and 7.0. The enzyme isolated from stationary 
phase cells is somewhat more active at acidic pH values than 
the nuclease isolated from exponential phase cells. 

The thermal Stability of the Mg? *-independent 
endonuclease was determined in the absence and presence of 
SDS as shown in Fig 16. If SDS was added, the enzyme was 
diluted 25-fold into 0.1 M Tris-Cl, 1% Triton X-100, pH 7.0 
before being assayed. In the absence of SDS, the enzyme was 
Stable up to 55°C for 10 min and lost activity quickly at 
higher temperatures. In the presence of SDS, the activity 


could be recovered even after heating to 95°C for 10 min. 
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TABLE 8 


Substrate Specificity of the 
Mg>* - independent Endonuclease 


Substrate Nuclease Activity % Activity 


(U/mL) (x104) 


Poly(A) 9.93 100 
Poly(C) 13.85 139.4 
RNA 4.72 47.5 
ssDNA 0.02 0.2 


dsDNA 0.03 Of 
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FIGURE 15 
Optimum pH of the Mg’?*-independent Endonuclease 


Mg?*-independent endonuclease assays were carried out 
to determine the enzyme activities at the pH values 
indicated. The enzyme preparations used were isolated 
from exponential and stationary phase cells and 
purified by heparin agarose chromatography. 


Enzyme Isolated from Oe 
Exponential Phase Cells: 
Enzyme Isolated from A 
Stationary Phase Cells: 
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FIGURE 16 


Temperature Stability of the Mg’?*-independent 
Endonuclease 


The Mg?°*-independent endonuclease was heated for 10 min 
at the indicated temperatures in the absence and 
presence of 0.1% SDS. The activities of the nuclease 
heated in the absence of SDS were determined by the 
Standard assay. The enzyme heated in the presence of SDS 
were diluted 25-fold into Oral M Tris-Ciz 
1% Triton X-100, pH 7.0 and assayed for 60 min. 


Nuclease Heated 
Without SDS: O eeeeeeQ 


Nuclease Heated 
With SDS: acn—4 
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The optimum temperature of the Mg?*-independent 
endonuclease was determined by standard assay at the 
indicated temperatures and the results are presented in 
Fig 17. It is most active at 55°C when assayed for 30 min, 
with the activity decreasing rapidly on either side of this 
temperature. 

The degradation products of the Mg?*-independent 
endonuclease were determined as described in the methods 
section. DEAE-cellulose chromatography of the degradation 
products revealed the presence of five major peaks which 
eluted between 20 mM and 0.5 M NH4HCO; when the absorbance 
of the fractions at 260 nm was measured. The peak fractions 
were treated with snake venom phosphodiesterase I and alkali 
as described in the methods section and then spotted onto 
57 cm strips of #40 Whatman filter paper. After 
chromatography the spots were visualized under short wave 
ultraviolet light. Chromatography of the products treated 
with phosphodiesterase I revealed three spots which migrated 
with adenosine, 5'-AMP and, presumably, ADP phosphorylated 
at the 3' and 5' positions. Visualization of the degradation 
products treated with alkali revealed 2'-AMP and 3'-AMP 
exclusively. These results show that the Mg’*-independent 
endonuclease yielded 3'-phosphate terminated short 


oligonucleotides as end products. 
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FIGURE 17 


Optimum Temperature of the Mg’**-independent Endonuclease 


Standard Mg?*-independent endonuclease assayS were 
carried out at the temperatures indicated. The enzyme 
was isolated and purified by heparin agarose 
chromatography as described in the methods section. 
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IV. DISCUSSION 

Three nucleic acid-degrading enzymes from Saccharomyces 
cerevisiae identified as a Mg**-independent endonuclease, a 
Mg? *-dependent endonuclease and a Mg’ *-dependent 
5'-exonuclease were investigated. The changes in activities 
of these enzymes were followed throughout the life cycle of 
thisgorganism inwansefforteto: ‘clanify® theirweintracellular 
HUnCPIONS® Initially i was necessary to establish 
techniques to obtain efficient cell breakage and conditions 
to assay the nucleases specriica¥lyarwandeecarry woul 
synchronous sporulation and germination of the cells. 

To verify that the nuclease assays were specific enough 
to avoid cross-reactivity, it was necessary to isolate and 
purify the enzymes. Exposure of the cell extracts to 2 M KCl 
and centrifugation at 100,000xg separated the 
Mg? *-independent endonuclease and the Mg” *-dependent 
5'-exonuclease, which were both found in the Supernatant, 
from the Mg’?*-dependent endonuclease found in the pellet. 
The nucleases from each fraction were then partially 
purified by chromatography on heparin agarose. In this way 
it was discovered that the Mg’?*-independent endonuclease 
cross-reacted in the assay imlepe the Mg**-dependent 
5"'-exonuclease. However, it was also found that 
Zwittergent. 3-14  sinhibited» the 5)-exonuclease completely. 
This detergent had no effect on the Mg? *-independent 
endonuclease. Therefore, the activity of the 5'-exonuclease 


was estimated by subtracting the activity in the presence of 
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Ehesedetergentwm from thelstotal svactivity sobtained™s inuats 
absence. 

Heparin agarose chromatography of the solubilized cell 
extract 100,000xg pellet showed that only the Mg?*-dependent 
endonuclease was present in any significant amounts. This 
indicates that centrifugation at 100,000xg in the presence 
of 2 M KCl is an effective means of separating the 
Mg?*-independent endonuclease and Mg’ *-dependent 
5'-exonuclease activities from the Mg? *-dependent 
endonuclease. Since little or no activity was observed when 
the column fractions were assayed for the 5'-exonuclease, 
the Mg?*-dependent endonuclease did not cross-react in the 
assay for the Mg’?*-dependent 5'-exonuclease. This is likely 
due, to a large extent, to the fact that the assay for the 
5'-exonuclease is carried out at pH 8.0 at which the 
Mg”? *-dependent endonuclease is very inactive 
(von Tigerstrom, 1982). In addition, assays for the 
Mg?*-dependent 5'-exonuclease were carried out in the 
absence of Zwittergent 3-14, which is required to activate 
the Mg?*-dependent endonuclease. Since the activity of the 
5'-exonuclease is so low, cross-reactivity of this enzyme in 
the assay for the Mg’**-dependent endonuclease would not 
Significantly contribute in the determination of the 
Mg?*-dependent endonuclease activity. Furthermore, the assay 
for the Mg?*-dependent endonuclease was carried out in the 
presence of Zwittergent 3.47 which inhibited the 


Mg?*+-dependent 5'-exonuclease. 
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The transition from exponential- to stationary phase, 
sporulation and germination are the periods in the life 
cycle which show the greatest change in nucleic acid 
metabolism. Therefore, these stages were examined for 
variations in the activities of the nucleic acid-degrading 
enzymes. 

Sporulation was carried out at a cell density of 5x10’ 
cells/mL. It was desirable to carry out sporulation at the 
highest cell density possible in order to obtain sufficient 
amounts of the three nucleases for assay. Above 5x10’ 
cells/mL a considerable delay in the onset of ascospore 
formation was observed. Sporulation in yeast is a highly 
aerobic process (Esposito and Klapholz, 1981), so this delay 
may be due to limitations in the available oxygen in the 
medium at high cell densities. 

Cell extracts were prepared by breaking whole cells in 
the French pressure cell since it could be carried out 
rapidly and at low temperatures while sphaeroplast formation 
required extended incubations at 30°C under non-growing 
conditions. However, with the French pressure cell, mature 
Sporesm could notgibem broken: Treating @thewespores® with 
Zymolyase 60,000 would probably not have had a _ significant 
effect since the outer layer of the spore wall is made up of 
chitin, which is resistant to B-glucanases (Ballou et al, 
1977). The inability to break spores was a major drawback 
Since it resulted in a gap in the determination of the 
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discussed shortly, the nuclease activities in spores could 
be deduced to some extent from the results. 

The Mg’**-independent endonuclease showed the greatest 
change throughout the life cycle of S. cerevisiae. It 
increased almost 4-fold as the cells entered stationary 
phase and more than 6-fold during sporulation. The 
Similarities in the variation of the specific activity of 
the enzyme isolated from the haploid and diploid strains 
under sporulation conditions indicates that the changes were 
not sporulation specific, but reflect the general conditions 
of nutritional deprivation. 

The only differences in the Mg? *-independent 
endonuclease activity between the haploid and diploid 
strains were observed when the cells were transfered from 
Sporulation to germination conditions. In the mature spores, 
the RNA content is relatively low (Croes, 1966). Therefore, 
the Mg? *-independent endonuclease would no longer be 
required and was degraded or inactivated in some way as the 
Spores matured, decreasing in activity considerably as seen 
at zero time in germination. 

In the haploid strain, the activity of the 
Mg?*-independent endonuclease was maintained at high levels, 
as seen at zero time in germination, showing that it was 
Still needed in these cells. Unlike the diploid strain, 
which enters a semi-dormant state upon spore maturation, the 
haploid strain remains vegetative. These cells continually 


degrade and re-synthesize their macromolecules (Clare and 
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Oliver, 1979) which would account for the maintenance of 
high levels of the Mg?*-independent endonuclease under these 
conditions. 

From these data, the physiological role of the 
Mg**-independent endonuclease may be deduced. The activity 
of this enzyme increased considerably at times in the life 
cycle when the total RNA content of the cells decreases as 
much as 50% (Croes, 1966). The majority of the RNA which is 
degraded is made up of rRNA (Polakis and Bartley, 1966) and 
the extent of increase in the Mg?*-independent endonuclease 
activity suggests a role in the degradation of rRNA. Whether 
it 1s also involved in the degradation of mRNA or tRNA needs 
to be determined. It may also play a role in the 
destabilization of mRNA by removing the poly(A) tails, since 
it is very active with this substrate. It is doubtful that 
it is involved in the processing of RNA transcripts since it 
is not associated with the nucleus. However, it may degrade 
the discarded portions of the RNA primary transcripts after 
they are excised. 

The suggestion that the Mg’**-independent endonuclease 
is involved solely in RNA metabolism is supported by the 
substrate specificity of the enzyme. Although it is less 
active with high molecular weight RNA as substrate than with 
DOlycA)mandapoly(Cy it@® has*” 1littlesnormence@activitymewith 
native or heat-denatured DNA. This fact as well as its 
intracellular location indicates that it is not involved in 


DNA metabolism in vivo. The difference in activity of the 
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enzyme with the homopolymers as compared with native RNA may 
reflect differences in the structure of the substrates, 
rather than an inability of the nuclease to degrade them. 

The Mg**-independent endonuclease has been found to be 
very stable jin vivo under most conditions, losing activity 
only very slowly when protein synthesis was inhibited by 
cycloheximide. The exception to this occurred when the 
haploid cells were transfered from sporulation to 
germination conditions. In the presence of cycloheximide, 
the activity of the Mg?*-independent endonuclease decreased 
about 40%, which is probably due to proteolytic degradation 
of the enzyme. However, in the absence of the antibiotic, 
the rate of decrease in the activity of this enzyme doubled, 
which may be due to the synthesis of additional protease, a 
Specific enzyme inhibitor, or both, 

The increase in Mg**-independent endonuclease activity 
during stationary phase and sporulation was also abolished 
by cycloheximide. Therefore, these increases were probably 
due to de novo synthesis of the enzyme, rather than to an 
existing but inactive enzyme. 

The changes in activity of the Mg?*-dependent 
5'-exonuclease throughout the life cycle of S. cerevisiae 
were very Similar, although not as pronounced in most cases, 
as the variations of the Mg’**-independent endonuclease. A 
2-fold increase in activity was seen as the cells entered 
Stationary phase, while increases of about 3.5- and /7-fold 


were seen in the haploid and diploid strains, respectively, 
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under sporulation conditions. It is difficult to determine 
if this difference in the two strains during sporulation is 
a sporulation specific event since the same general trend 
was observed with both strains. This suggests that, like the 
Mg**-independent endonuclease, the increases in activity 
were a general response by the cells to conditions of 
nutrient deprivation. 

Like the Mg? *-independent endonuclease, the 
Mg? *-dependent 5'-exonuclease activity decreased 
considerably as the spores matured, while it was maintained 
at relatively high levels in the haploid strain under the 
Same conditions. Since the variations in activity of these 
two nucleases throughout the life cycle of S. cerevisiae 
appear to be so similar, the 5'-exonuclease may also be 
involved in RNA metabolism in vivo. This is supported by 
Stevens (1978) observation that this enzyme has little or no 
activity with DNA as substrate. Stevens (1980) proposed that 
the Mg**-dependent 5'-exonuclease functions in the 
degradation of messenger RNA since it hydrolyses_ the 
substrateminia 5ui-->3" Sdirection- sThiseisesupportedwiby "the 
resurtsuwot @thisasinvestisgation: since? pthevyactavityectethe 
5'-exonuclease increased during the life cycle at times when 
the rates of overall RNA degradation increase. The generally 
low specific activity of this enzyme indicates that its role 
dns =RNAMedigGeSttOnemuSamsMOremmrestricved @thangmchat moteche 
Mg?*-independent endonuclease, likely to the degradation of 


mRNA. It is possible that the Mg**-independent endonuclease 
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generates uncapped 5'-ends for the 5'-exonuclease, but this 
might not be a major factor in RNA metabolism since the 
Mg’*-independent endonuclease creates 5'-OH ends, which are 
resistant to degradation by the Mg’ *-dependent 
S'-exonuclease. The nuclease described by Belhadj et al, 
(1982) does create 5'-phosphate ends so this enzyme may have 
such a role in vivo. 

Inhibition of protein synthesis by cycloheximide showed 
that the Mg?*-dependent 5'-exonuclease was also quite stable 
in vivo. The increase in its specific activity when the 
cells entered stationary phase or when they sporulated was 
abolished by this inhibitor indicating that these increases 
were likely due to dé novo synthesis of the enzyme. 
Similarly, the decrease in specific activity during 
outgrowth was reduced by cycloheximide, suggesting that this 
decrease was due to de@ novo synthesis of proteases, a 
Speciticeinhibitor, or boths 

The® VariatronSpein saceivity ol the Mg? *-dependent 
endonuclease throughout the life cycle of S. cerevisiae were 
almost exactly opposite to the changes observed with the 
other two nucleases. The specific activity decreased when 
the cells entered stationary phase and when both the haploid 
and diploid strains were placed under sporulation 
conditions. However, up to a 2=fold increase in 
Mg?*-dependent endonuclease activity was seen in the diploid 
Strain during the first few hours of sporulation. Under the 


Same conditions, this increase was not observed in the 
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haploid strain, which does not undergo meiosis. When the 
cells were transfered from conditions of nutrient 
deprivation to growth medium, the» sactivity #<ofs (the 
Mg’**-dependent endonuclease increased. 

Several proposals have been advanced concerning the 
functions of this enzyme. Fraser (1979) and Fraser and Cohen 
(1983) proposed that a similar nuclease of N. crassa is 
involved in DNA repair. This does not seem likely since 90% 
of the enzyme is located in vacuoles or bound to the inner 
mitochondrial membrane, with only 2% associated with the 
nucleus. The vacuolar location reported by Fraser (1979) and 
Fraser and Cohen (1983) suggests that the Mg?*-dependent 
endonuclease of this organism may be involved in RNA 
metabolism in some way. 

Resnick et al] (submitted for publication) observed a 
LOreutoye20-f£old increase in the activity of the 
Mg?*-dependent endonuclease from S. cerevisiae during the 
first few hours of sporulation. They suggest that it is 
involved in the high levels of recombination which occur 
early in meiosis. While my observations are in general 
agreement with theirs and might seem to support the proposal 
of Resnick et al, the intracellular location of this enzyme 
argues against it since it is inaccessible to the majority 
of cellular DNA. However it could act aS a recombinase with 
mitochondrial DNA. The variations in its activity throughout 
the life cycle suggest that it is not involved in RNA 


metabolism, but it is quite active with poly(A) and RNA as 
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substrate (von Tigerstrom, 1982) so such a role cannot be 
entirely ruled out. 

The increase in activity of the Mg?*-dependent 
endonuclease during germination was abolished by 
cycloheximide. Cycloheximide inhibits cytoplasmic, but not 
mitochondrial protein synthesis. This tends to confirm that 
this enzyme is coded FOR @eby (enuclear paeratheresthan 
mitochondrial DNA as suggested by von Tigerstrom (1982) and 
Brasepeand Chowl(1983)evit alsovindicatesethat anyeincreases 
were due to de novo synthesis, while the decreases were 
probably due to degradation. Otherwise, it is very stable in 
vivo, losing activity only very slowly when cells in all 
stages of the life cycle were treated with cycloheximide. 

Since the Mg’**-independent endonuclease showed the 
greatest variation throughout themsliire Gacyclle Gqonmas. 
cerevisiae, it was decided to study it in more detail. It 
was hoped that a determination of its characteristics would 
help to clarify its function and would allow a comparison of 
this enzyme with those reported in the literature. It was 
also important to establish whether the activity was due to 
one enzyme. 

The electrophoretic properties of the Mg’*-independent 
endonuclease were studied using an activity stain for the 
enzyme on polyacrylamide gels. Two bands of activity were 
revealed. The slower migrating component (band 1) has an 
apparent molecular weight of more than 100,000 d while the 


faster migrating component (band 2) has a molecular weight 
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of about 50,000-68,000 d. Band 2 was present in significant 
amounts only in stationary phase cells while band 1 remained 
fairly constant in both exponential- and stationary phase 
cells.eThesefresults indicate that a’ differenteenuc leases, is 
being synthesized as the cells enter stationary phase. This 
is Supported by the optimum PH values of the 
Mg’*-independent endonuclease isolated from exponential and 
Stationary phase cells. While the activity profiles of both 
are very Similar above pH 7.0, the enzyme isolated from 
Stationary phase cells is more active at acidic pH values, 
indicating the presence of a form of Mg?*-independent 
endonuclease which is slightly more stable at acidic pH 
values. 

Attempts to isolate the two apparent forms of the 
enzyme by gel filtration and ion exchange chromatography, 
both in the presence of SDS, were not successful. It was 
expected that molecules of different molecular weights would 
be separated by chromatography on DEAE-Trisacryl in the 
presence of SDS since the larger the molecule, the more SDS 
it would bind and the higher its negative charge would be. 
However, only one peak of activity was observed in each 
case, indicating that band 1 may be an aggregate of band 2, 
possibly due to the low salt concentrations used during 
electrophoresis. This would also explain the smearing 
observed between the two bands in the activity stain. 
Whether molecules with molecular weights of 50,000 d and 


100,000 d in the presence of SDS can be separated on 
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Sephadex G-100 columns remains to be determined. 

Agthirdtactivity febandaerunning ses! ughtly sfastene than 
band 2 was observed in some cases. While this may represent 
a different nuclease, this is not likely since the third 
band was not separated consistently and it was not isolated 
from either band 1 or 2 by column chromatography. While it 
seems more likely that the presence of the multiple bands is 
an artifact of electrophoresis, the presence of a second, 
Similar Mg’**-independent endonuclease activity cannot be 
ruled out. 

The presence of the multiple bands is probably not due 
to proteolysis of the enzyme since isolation of the nuclease 
in the presence of protease inhibitors had no effect on the 
migration patterns on polyacrylamide gels. It is possible 
that a protease which is resistant to the inhibitors was 
responsible for this pattern, but the elution profile of the 
enzyme on column chromatography argues against this. 

The Mg?*-independent endonuclease is very stable at 
55°C, but it loses activity rapidly and irreversibly at 
60°C. However, when SDS was added to the sample before 
heating, Gul) tactivity jcouldsbeirecoveredsaitensheatinggup 
to 95 °C if the SDS was replaced by Triton xX-100 before 
assaying the enzyme (Clarke, 1981). This indicates that SDS 
protected the enzyme from heat inactivation in some way, 
possibly by preventing denaturation of the protein at high 
temperatures. Such a _ property has not been. previously 


reported for this enzyme. Treatment of the enzyme with 
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B-mercaptoethanol resulted in an irreversible loss of 
activity. This indicates that disulfide bonds are required 
for activity, either at the active site, for conformation of 
the protein, or both. 

The characteristics of the Mg? *-independent 
endonuclease determined here are very similar to those of 
the enzymes described by Ohtaka et al] (1963) and Nakao et al 
(1968). With some variations, they all have similar pH and 
temperature optima, substrate specificities and produce end 
products with 3'-phosphate ends. It is different from the 
enzyme reported by Schulz-Harder et a] (1979) and Shetty et 
al (1980). While all have similar substrate specificities, 
end products and temperature optima, the enzymes described 
in these investigations have a much lower pH optimum. In 
addition, the enzyme described by Shetty et a] is inhibited 
DVECU Zama nde hese Siwhich ee had@enolmehlectemOneatnemsnuc lease 
described here. Belhadj et al (1982) also reported a 
Mg?*-independent endonuclease, but it is different from the 
enzyme described here since it produces 5'-phosphate 
terminated oligonucleotides as end products. 

The specific in vivo functions of these nucleases may 
be further clarified by isolating mutants which are 
defective in their synthesis and observing the effects on 
nucleic acid metabolism. Further work is also necessary to 
determine if the multiple bands on polyacrylamide gels 
represent separate nuclease activities or are merely 


artifacts of electrophoresis. In this way it may be possible 
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to determine whether a unique enzyme is being synthesized as 
the cells enter stationary phase or if these bands are due 
tO aggregation of the enzyme. If the latter case is true, it 
may then be possible to determine if these aggregates have 
any function in vivo. 

The data seems to indicate a role for the 
Mg? *-dependent endonuclease ineerecombinatron as outeeLts 
intracellular location makes it inaccessible to the majority 
of cellular DNA. A more rigorous localization of the enzyme 
is required to determine if it is also associated with the 
nucleus. Isolation of various organelles at different stages 
in the life cycle may reveal whether the relative proportion 
of the enzyme associated with the organelles’ shifts, 
possibly due to the activation of a precursor which would 


otherwise not be detected. 


“ven éorepergys 


ase YY -atez> «8 
ssl ton yaeizsnidweses ae 5 
v2 290) et BES’ Ga hq bkepapens eb | 
amuse sdc 10 ratsesi Weiod ercsngss sou 6 na a 
sia Gris Saeoieses ele at +5 Pd andeasteb bs : 
eapkre tareagIPib. 46 panmecenanineriakianee 
<i cr1nyeegq eviesiae tin wee. > 
ectide eafienajse | ats," dctvw eatiabaiaals 
Sivew. dsiyvy soetwowsd 2 to nocnavlena eds 


> | “eT! ‘are 


ee ad 
7 7 ae “a 7 


ci isdtpomind 


BIBLIOGRAPHY 


Akhmedov, A. re, Oveed. BPKkaboeverand @M.ehl .eesekker sun O82- 
Puniiacagtion and properties of two endonucleases 
specific for apurinic/apyrimidinic sites in DNA from 
Teese ieee cerevisiae. Biochim. Biophys. Acta 696: 


Ballou Camu; o 0h. Maitre. sd sW.e Walkereangs We lemewhelane 
1977. Developmental defects associated with glucosamine 
auxotrophy in Saccharomyces cerevisiae. Proc. Natl. 
Acad. Sci. USA 74: 4351-4355 


Beard, G0. RR. “and? | W:’aBbeetRazzeds. pS64.ePuri fication of 
alkaline ribonuclease II from mitochondrial and soluble 
fractions of liver. J. Biol. Chem. 239: 4186-4193 


Belhadj, O., A. Sentenac and P. Fromageot. 1982. Activation 
of a latent RNAase from yeast by nucleoside 
triphosphates. Biochim. Biophys. Acta 697: 363-370 


Blank, A. and C. A. Dekker. 1975. Differential activity 
Stainingt@itsrause ingecharacterization) }otatgquanylyic 
specific ribonuclease in the genus Ustilago. Proc. 
Natl. Acad. Sci. USA 72: 4914-4917 


Bossinger, J. and T. G. Cooper. 1977. Molecular events 
associated with induction of arginase in Saccharomyces 
cerevistaewd:. Bacterioleigsisnd63a173 


Bradford, M. M. 1976. A rapid and sensitive method in _ the 
quantitation of microgram quantities of protein 
utilizing the principle of protein-dye binding. Arch. 
Biochemsas2s¢ 248-254 


Bray, G. A. 1960. A simple efficient liquid scintillator for 
counting aqueous solutions in a liquid scintillation 
counter. Analytical Biochem. 7: 279-285 


Bryant, D. W. and R. H. Haynes. 1977. A DNA endonuclease 
isolated from yeast nuclear extract. Can. J. Biochem. 
Sex4 thsh\e tens, 


Ghaav, Df. the eandaGegMcLaughling W979, Theghalfoia tesote mRNA 
in Saccharomyces cerevisiae. Molec. Gen. Genet. 170: 
137-144 


ies, ih, Saseihe eel Mie ay WiseIisn EEG ee ciemei il Cisis 
properties of single strand DNA-binding 
endo-exonuclease of Neurospora crassa. J. Biol. Chem. 
25821200 02018 


lez 


suet setae od as 
e*baet-uyekaw oFe -S 
“ass AZT fA é*sia° 28 
-S sasa .aviqoit e:4yai8 


: 4, See seater ® 
on (eghesu ip naan “atadiaai 433 
we 


= 
sa2ta < 
4 «™ a 


ieehes aaa. tt 
© Aol fenl hiss .5eet ppt a “8.5% Sate —* ce 


ijuiod Dan Tap petonaott Pe ge ee 
te’ 3~)2ib eR es tol > if to ena 


23a 7 692 .[aopamtyt au Han wehesaeg saat 
feos) te 226°" eyt3 ig s 
es ee) ee sealbocans 
iv2s .etefe 


a23ia om. Daler — B06 A 
St 


2i¢beos seésnet 
Miveme. 2638 fox iat anrets po 4 at niat 
oar? .cemitfa) seaen’ aa’. oe 

: Breuer St 7 p sba5A on Ta 


zafere) apiemeiom v\R? -\iegeoe int ¢ tagateac 
eeioraighe Ti apie, ie vt bole (anon 
oe Bek || s¥o)" at kate sete 


siz Ot) | 6(edinn) 64 vir denbeooen Bs Le over MoM ro here 
nietorg ‘ip. @9. tap’ mangeag ne daediz 
is<a Po Lyhed oS hated 39 Eu bag sil : 

; ‘* 2. 


‘) votabétehion ogee pms A .900t 4 4D 
wetpallimaee Oppel. ay ah - dUesups nuet 
cae ges . 36 i asteet A ) FEM ae 

eragiaprobap AYO 4 .TOGF oe oe bone ore 
@elceia 0b «neo .soeaaee . . 


122 


Clare, J. J. and S. G. Oliver. 1979. The regulation of RNA 
Synthesis in yeast IV: Synthesis of double-stranded 
RNA. Molec. Gen. Genet. 177: 161-166 


Clarke, S. 1981. Direct renaturation of the dodecyl sulfate 
complexes of proteins with Triton xX-100. Biochim. 
Biophys. Acta. 670: 195-202 


Croes, A. F. 1966. Duplication of DNA during meiosis in 
bakers' yeast. Exp. Cell Res. 47: 452-454 


Croes, A. F. 1967. Induction of meiosis in yeast I. Timing 
of cytological and biochemical events. Planta 76: 
2092226 


Croes, ee Ae Fs 19674 e"induction®*#ore meiosis in yeastelie 
Metabolic factors leading to meiosis. Planta 70: 
Zee oo 


Elliott Ss Gseand C.°S. "McLaughlin .1979> Regulation» of RNA 
synthesis in yeast III: Synthesis during the cell 
cycle. Molec. Gen. Genet. 169: 237-243 


Esposito, M. Ss R. E. Esposito, M. Arnaud and 
He #0. )@Halvorson. (71969. Acetate Uttlezavron and 
macromolecular synthesis during sporulation of yeast. 
wewBacterroln 100: 80-186 


Esposito, R. E. and S. Klapholz. 1981. Meiosis and ascospore 
development. Jn: The Molecular Biology of the Yeast 
Saccharomyces: Life Cycle and Inheritance. (eds. ) 
OeeeNeeeStrathern, eHow W. JONeSvand J. aR. Broach. 3Cold 
Spring Harbor Monograph Series. pp 211-287. 


Faircbanks,eG. ,OT. LsveSteck*SandeeD. Ohl ees BWal laches i97A" 
Electrophoretic analysis of the major polypeptides of 
the human erythrocyte membrane. Biochem. 10: 2606-2617 


FarkasyeweuR.@andePyeA. ©Marks70e 19653)" Rabbit, yreticulocyte 
maturation and ribonuclease activity. J. Cell Biol. 27: 
27A-28A 


Fasman, G. (ed.) 1970. In: Handbook of Biochemistry (2nd 
ed): Nucleic Acids II. p. H104 


Foury, F. 1982. Endonucleases in yeast mitchondria: Apurinic 
and magnesium-stimulated deoxyribonuclease activities 
in the inner mitochondrial membrane of Saccharomyces 
cerevisiae. Eur. J. Biochem. 7124: 253-259 


Fowell, R. R. 1969. Sporulation and Hybridization of yeasts. 
Lis The Yeasts. VOl 71 (edstyeeAy Hee Roseeeand 
HemS@eHarrison.eeAcCademice sPresseelncy, @NEWeRYorKn == pp 


ane Rabies ra oe TOFtse 
by wd a ie 


ares ker ee 4 one sane preci hdd 
/aj¢nenig 635) « i po Ped pha ety i 
: Bh see im ighee | We 


as eiteaeig® parrrGR Sm. noi « ef pel 
+28-tes ni zea Lis. «ia Madi 


atiair .1 setae! siasee is) ot ae 
1 ioe te | .s¢=5i% | anys 


depos 0) lean +e 5 Saat. a-ak i 
. Sivad! Sie a af ioe i ‘wratou? pret eae 


lL IQ @¢) Teles evGe sis tha ake «2 PP boa ee 
» tae ones oles aes ees | seanr ni al : 
Sw tc = vi 


1 thie | dausiaiimamesdiiaer a 
» bee “K y a3190G@e! ~<.2—-.8 2 aM 


. a. 
ba po) peri} 398568 eT! ,meutov i 6X Oo : 
stay fo eS¢3a/U \e7e Glee At re taivosloaorse 

s* - 080 A vlolzesoa0 tc 
VIG > 286 sie az ae Ege _ tae + e¢ GtSA .2 * vas 2 Kt ,eete = 


chee¥ sak 14°,€09 (oa sehinelse eae - *nemgoinved 
| pres tne $ 


Tee ee Pe — sdnga- , 
cendG .@ ,G at auneh-,@ We -,meedsas72. 4 .Tey 
rs 


(4,11 ee re egerponcl vod sap 


8 gba 


ae ace ak eee stata bt Him Co “ 


a 
we 

; 
fs Se saat a 
1° sand eda add ie 


tet ae lfett = * gy tae 
6 opt re Aat i 


ries hoes meee 


4 . cml a= 


ok 


123 


3.032383), 


Fraser, M. J. amd H. Cohen. 1983. Intracellular localization 
of Neurospora crassa endo-exonuclease and its putative 
precursor. J. Bacteriol. 154: 460-470 


Habermaeo. Hr. wanda HoeeOu, Halvorson smnlo7 2h Gall cycle 


dependency of sporulation in Saccharomyces cerevisiae. 
dep Bactenvol.109: 91027-1033 


Hartwell, L. H. 1974. Saccharomyces cerevisiae cell cycle. 
Bacteriol. Rev. 38: 164-198 


Hopper esAce Kaw BPausaleeMagee;, S. Ka Welch, @Maekriedmansand 
Dees senall.. 1974. Macromolecular synthesis and 
breakdown in relation to sporulation and meiosis in 
yeast. J. Bacteriol. 119: 619-628 


HUCZ mGupeGseMarbarx, Es Hubert). 3M. s Leclercq. 8 \U.) sa Nude le 
RY Soreq, R. Solomon, B. Lebleu, M. Revel and 
U. Littauer. 1974. Role of the poly(A) segment in the 
translation of globin mRNA in Xenopus oocytes. Proc. 
NatitpaAcadmeSci) .9USA slau: 343-5046 


Imada, A., J. W. Hunt, H. Van de Sande, A. J. Sinskey and 
S. R. Tannenbaum. 1975. Purificcation and properties of 
an intracellular ribonuclease from Candida lipolytica. 
Biochim. Biophys. Acta. 395: 490-500 


Jacquemin-Sablon, H., A. Jacquemin-Sablon and C. Paoletti. 
1979. Yeast mitochondrial deoxyribonuclease stimulated 
by ethidium bromide. 1. Purification and properties. 
Biochemistrye/8: 9119127 


Kadowaki, K. and H. O. Halvorson. 1971. Appearance of a new 
species of ribonucleic acid during sporulation in 
Saccharomyces cerevisiae. J. Bacteriol. 105: 826-830 


Kane, S. M. and R. Roth. 1974. Carbohydrate metabolism 
during ascospore development in yeast. J. Bacteriol. 
116 248-14 


Kar peroky athe bbs IG ee ae DaVICS apa omen. Shriver and 
. Ce Levy. 1980. Use of polynucleotide/ 
polyacrylamide-gel electrophoresis as a sensitive 
technique for the detection and comparison of 
ribonuclease activities. Biochem. J. 189: 277-284 


Koch, H. and J. D. Friesen. 1979. Individual messenger RNA 
half lives in Saccharomyces cerevisiae. Molec. Gen. 
Gene teat 4AC mmledaloo 


Kozak, M. 1983. Comparison of initiation of protein 
Synthesis in procaryotes, eucaryotes and organelles. 


cadet’. 4 de ie peel Ain weh yaeqaoH 
JidnA says aed silane psd than “a if 


ragium 28 “Wael hy x n. te ai 

idee ee wht Lalas «he 2BRE es 

Wie Fo 

refi a Oe indy a ss medi = | ,cimiiet oo iD < he 
se jeves o &  .ceideed/.€) Sra B60 og peea - a ~ 
28° f ’ “sae 94 j ie ‘ia ¢@ a> ba 5 ever - quesaid 20. a) 
‘ an s@eoe auntie _ “ar lat. Jo otitalena3? . on 

CEOCl oT aD WhRD .baak Adem CTC] 


ms Yeeepiae «iA Se Ss — 


7% . ; eens : . 
2 by Gryy! pine, eerie as 


aia seldso 
a 
(¢¢iog 2) Second ae “he teupoeh). is go laan-ak 

awe “vy gaa eds ae? ries 
fede (aie (et ae tees’ -  e a _ 

et \ ety ‘sivedse - 
Po 1p foal soup? el =f Go aK s a ene tae i - 
| ys itn wane a] an 


7. at Mell Ao ieopdaa | hae) ses ae wall a 
eaten sre anne ale ease A soe ms a 
wr eet ae = dd SS Gs te re th 7 

ee _ 


5.00 sevli 34t A yh a 
yi opSclaaleg. 3a ae) cs 

‘sé2ads = 3 2g, Bdewrelaessest 
lg Goths mes (668 te Dy 
oer ts gt +% « 


me ble a ied 


124 


Microbiol. Rev. 47: 1-45 


Kraigquaes. and J. E. Haber. 1980. Messenger ribonucleic acid 
and protein metabolism during sporulation of 
Saccharomyces cerevisiae. J. Bacteriol. 144: 1098-1112 


Lee, S. Y., Y. Nakao, and R. M. Bock. 1968. The nucleases of 
yeast II. Purification, properties and specificity of 
an endonuclease from yeast. Biochim. Biophys. Acta. 
[Oo hema 2 Oat so 


Lehman, I. R. 1963. The nucleases of Escherichia coli. In: 
J. N. Davidson and W. EE. Cohen (eds.), Progress in 
Nucleic Acid Research. Vol 2. Academic Press, New York. 
DpMes= 237 


Linn, S. and I. R. Lehman. 1966. An endonuclease from 
mitochondria of Neurospora crassa. J. Biol. Chem. 2417: 
2694-2699 


Lusena, C. V. and C. Champagne. 1984. Identification of a 
mitochondrial endonuclease involved in mt-DNA repair of 
Saccharomyces cerevisiae. Curr. Genet. 8: 19-21 


Maizel, J. V., Jr. 1971. Polyacrylamide gel electrophoresis 
Obiviraliproteins .eliss Methods @rim Wirologyymvolueyv. 
(eds.) K. Maramorosch and H. Kaprowski, Academic Press 
TNC ENGWRL OLR.) DD 19-246. 


Marmiroli, N., M. Ferri and P. P. Puglisi. 1983. Involvement 
of mitochondrial protein synthesis in sporulation: 
Effects of erythromycin on macromolecular synthesis, 
meiosis and ascospore formation in Saccharomyces 
cerevisiae. J. Bacteriol. 154: 118-129 


MartinimiC sk meandetR Ae Pee iWagqner. £1975 eT wore lonums ano fe a 
mitochondrial endonuclease in Neurospora crassa. Can. 
OheeB 7 OChEM ao 2 sO 20 


McCusker, JU @ He\andial. <E. Haber.1.1977% Eificwent sporulation 
of yeast in media buffered near pH 6. J. Bacteriol. 
tose 1803185 


Mills giDee1972.. ELrects of pH on= adenine sand amino- acid 
uptake during sporulation in Saccharomyces cerevisiae. 
Ur Bacteniol wens #o.9=026 


Moens, P. B. 1971. Fine structure of ascospore development 
in the yeast Saccharomyces cerevisiae. Can. J. Micro. 
hee 07 5:10 


Moens, P. B. and E. Rapport. 1971. Spindles, spindle plaques 
and meiosis in the yeast Saccharomyces cerevisiae 
(Hansen)n pe Celle Biol. 50344-3611 


ont 
aia oka 
. nok tae tae 
wo 5 — eeeeks 


oe 
. 


7 ; ‘Lorena te aenelsion’ * at pete 
ra) 2M .4 Soe noebivad «4 
' ign .& Le? 9 7eeee0R Bit sisicut 

: es. ~ 


. —oebas oa jee speeded. st. dan 
sey i ; ves enhasers of io sivhwodoo? 
7 wees 5%. 


+5 4 t wre og toes 


j ee) . Atpagne at <9: Bas ; 
a ‘ov Lowey Seat oy mwheq te 
2 sy Pe 0.4 - 7 GEC >: 
bier (inet 4 (tt@rey <s¥ 


aw inh .€ antes bs 


i , 
ey 1a wm 4 “we a a wot ' 
205 


tpl VS «9 Bagi2 seine 

P oped Trige ciasgm «i ¢bno: sani 
S45) a! wie death Sell 3 
Aq sihyecae “fh 


t-A0P, ete) .osbes Re “ 


‘ ty? 2TP;. st ree; 


oe Tebkoso oe tt it 7 site 8 


_ - ° : é « 
siovetee® .. .3 = teem betel 
7 - 


wage. Ais vig  @¢A42ns6 
a) ver 


125 


Morosoli, R. and C. V. Lusena. 1980. An endonuclease from 
yeast mitochondrial fractions. Bur. J. Biochem. 110: 
AS35237, 


Mounolou, J. C. 1971. The properties and composition of 
yeast nucleic acids. In: The Yeasts. vol 2: Physiology 
and Biochemistry of Yeasts pp 309-333 (eds.) A. H. Rose 
and J. S. Harison, Academic Press, London 


Nakao, Y., S. Y. Lee, H. O. Halvorson and R. M. Bock. 1968. 
The nucleases of yeast I. Properties and variability of 
ribonucleases. Biochim. Biophys. Acta. 157: 114-125 


Nishimura, S. and G. D. Novelli. 1964. Amino acid acceptor 
activity of enzymatically altered soluble RNA from 
Escherichia coli. Biochem. Biophys. Acta. 80: 574-586 


Ohtakaywemeh <eUChi da andel. Sakai 1963 .ePuni f1cata onewand 
properties of ribonuclease from yeast. J. Biochem. 54: 
BAZ 2 327/ 


Perry, (R-@P. 1981. RNA processing comes of age. J. Cell 
BuO mee oS- 30S 


Pinon, R. 1970. Characterization of a yeast endonuclease. 
Biochemistry 9: 2839-2845 


Polakis, E. S. and W. Bartley. 1966. Changes in dry weight, 
protein, deoxyribonucleic acid, ribonucleic acid and 
reserve and structural carbohydrate during the aerobic 
growth cycle of yeast. Biochem. J. 98: 883-887 


Resnick paaM mAs 8A. = SUG1O am muNIC LSS mallu Chow cDNA 
polymerases, deoxyribonucleases and recombination 
during meiosis in yeast. Submitted for Publication 


Rosamond, camo S 1 ePurrtircation. and properties =oOf an 
endonuclease from the mitochondrion of Saccharomyces 
cerevisiae. Eur. J. Biochem. 120: 541-546 


Roth, R. and H. O. Halvorson. 1969. Sporulation of yeast 
harvested during logarithmic growth. J. Bacteriol. 98: 
830-632 


Schulz-Harder, Be Nee ikavitermeeance@aU..  SWidaslo/9). aA 
ribonuclease from yeast associated with the 40s 
ribosomal subunit. Biochem. Biophys. Acta 565: 173-182 


Sebastian aed. , bol mlnmA.mGantereandeH sO. Halvorsont slog 
Use of yeast populations fractionated by zonal 
Centrifugqationemto Mstudysthesceligicycle tad. abacteriol, 
10S 2 0do-1050 


ieee vN 


weg? sapGe 
9 vidi itedtae aia 
Sth 1a 


seowese 819k oO GARE 
mit ARR ekd@iinkg- O¢ 
ple OTs 10S INA oo 


ona Eee Liat 
2 .wedoe Go. . GSE RENTS Sine 206 


. eeeet oan m © aq apie ott. 
et de y 7 eade-@tit @ g208 


(fpiaw m id sue ae eel ine ww 
bere toed $ ’ 
39449 96¢ 


a20 , 06624 TP 
hol roe se 
mob 1end es 
hae GARD 


126 


Shetty, J. K., R. C. Weaver and J. E. Kinsella. 1980. A 
rapid method for the isolation of ribonuclease from 


ON a a OE NINTE carlsbergensis). Biochem. J. 189: 


Shettyyeucek. 7 eRe Com ewWeaver™ eanderd . ers BeKinse lta nee 1981" 
Ribonuclease isolated from yeast (Saccharomyces 
carl sbergensis): Characterization and properties. 
Biotechnology and Bioengeneering. vol XXIII: 953-964 


SOginve=S.) J . = Wand=eComeA .SSaundersee = 1980eerluctuationein 
polyadenylate size and content in exponential- and 
stationary-phase cells of Saccharomyces cerevisiae. 
J. Bacteriol. 144: 74-81 


Scripatiym C. #Eee ee yee Groner -ands Ure Rew = Warners 1976. 
Methylated, blocked 5S-Cermini of yeast mRNA. 
J. Biol. Chem. 257: 2898-2904 


SEeEnt; 3G.05. 19642 The *Operon: *Onvelts” Thirds Anniversary. 
Modulation of transfer RNA species can provide a 
workable model of an operator-less operon. Science 144; 
Bi6=820 


Stevens, A. 1978. An exoribonuclease from Saccharomyces 
cerevisiae: Effect of modifications of 5' end groups on 
hydrolysis of substrates to 5' mononucleotides. 
Biochem. Biophys. Res. Comm. 87: 656-661 


SEGVENS meen? 6 1979s) BVidence. of va 5 —--3 J 7direction — of 
hydrolysis by a BS mononucleotide-producing 
exoribonuclease from Saccharomyces cerevisiae. Biochem. 
Biophys. Res. Comm. 86: 1126-1132 


Stevens, A. 1980. Purification and characterization of a 
Saccharomyces cerevisiae exoribonuclease which yields 
5'-mononucleotides by a 5'-->3' mode of hydrolysis. 
Ue Brel Chem. = 2557-s080=308s5 


Stewart) Peer.) 1975 s- Analytical wimethods Gior™ yeastsre J: 
Methods in=*Celleesrology ex! .4*(ed@) D. SMe "Prescott. 
Academic Press, New York. pp 111-145. 


Tauro, P. and H. O. Halvorson. 1966. Effect of gene position 
on timing of enzyme synthesis in synchronous cultures 
GheyeaStemunbacteriols 925"652-661 


Thorner, J. 1981. Phermonal regulation of development in 
Saccharomyces cerevisiae. In: The Molecular Biology of 
the Yeast Saccharomyces: Life Cycle and Inheritance 
(eds.) J. N. Strathern, E. W. Jones and J. R. Broach. 
Cold Spring Harbor Monograph Series. pp 143-180. 


Tonnesen, T. and J. D. Friesen. 1973. Inhibitors of 


regi 


oijeonia a® 


saa (Se 


* 
@@< 72 


ag Lraat oe, sObRt 
~lad*tencoges fe 
Sisiryen eS 


(MiG 


oT? twnaBw = LH Ww Sey senere + ye aD. rare 
WAX 77 ar Ne aate a Le 
, 4 smody stole .& _ 
¢ seve nha  Solaty -dosy oa? .680! , 2°50: Joe3 
asi7985 Peta eetoede. AMM 4pteasas Te. ner - 
5 ' .Avestu eeqli~sevegeda fa Go feboe sidsdi1ow 
068-31 6: Mot 
2 LU t* o> sacelayrod hteae nA ever A : = 
| LAs is 2aphzquto iow te A I in 
. ao ncall ' 72 e2 tes9ecue ei : 
)s°G84 ct ceed .ee .aytgolé .aedszo 7 
Bp é : + ; 
° miswstar "ie" Ff o> & \ entabive 


Dish ig~sili 


MSs 


» «) 


t T 


or syia sea 
9%) £0. 6 And 


Te 


Rage ?* 
22039059 .* 


Sivi. . eh at 


3 a ater ah i@ | 
sie es it seed 
ei et sy cE of3aT vex 2aerT samebeDA 8 | 7 


rides i) «"S 
: | hy eat | Sy 


Lyng 


Fae Fy we ne 
gf -"2u' =9 7 ORR 16 a 


6 a shea l}ivet eer i erever2 - : 


& 


ala pres es 


ahi 
ae 


-aapt quer 


J 


Are i) *) 


eigen ere acel | 
tient! 13% ae seek, 


sonatié ‘ 
na bebiteaiounonom-'2 
ely 18 mend .loih yes 


ne 4. - “7 = 


127 


ribonucleic acid synthesis in Saccharomyces cerevisiae: 
Decay rate of messenger ribonucleic acid. J. Bacteriol. 
115: 889-896 


Tsuboi, M. 1976. Correlation among turnover of nucleic 
acids, ribonuclease activity and sporulation ability in 
Saccharomyces cerevisiae. Arch. Microbiol. 111: 13-19 


Utsunomiya, T. and J. S. Roth. 1966. Studies on the function 
of intracellular ribonucleases. Dy Ribonuclease 
activity in ribosomes and polysomes prepared from rat 
liver and hepatomas. J. Cell Biol. 29: 395-403 


Villadsen, Ie Sey See eB JOLN Pal mAw VGANG +s 1g9o2= 
Exonuclease II from Saccharomyces cerevisiae: An enzyme 
which liberates 5'-deoxyribomononucleotides from 
Single-stranded DNA by a 5'-->3' mode of hydrolysis. 
ay. TEMelbs (ate Meyer eh 9 fais its 


Von Tigerstrom, R. G. 1982. Purification and characteristics 
of a mitochondrial endonuclease from the yeast 
Saccharomyces cerevisiae. Biochemistry 24: 6397-6403 


Von Tigerstrom, R. G. and S. Stelmaschuck. Comparison of the 
mitochondrial endonucleases from Neurospora crassa and 
Saccharomyces cerevisiae. Submitted for Publication. 


Warburg, On and W. Christian. 1941. Isolierung’ und 
kristallisation des garungsferments enolase. Biochem. 
Z. 310: 384-421 


Wejksnora, P. and J. E. Haber. 1976. Influence of pH on the 
rate of ribosomal ribonucleic acid synthesis during 
sporulation in Saccharomyces cerevisiae. J. Bacteriol. 
[Zee 26 134 


WollramsonD.sHseand Ac Wee SCOpeS an 961 seSYNnChronizataonnor 
division in cultures of Saccharomyces cerevisiae by 
control of the environment. In: Microbial Reaction to 
the Environment. Eleventh Symposium of the Society for 
General Microbiology. (eds.) G. G. Meynell and 
He Gooder. Cambridge University Press, New York. 
pp 217-242. 


Williamson, D. H. and A. W. Scopes. 1962. A rapid method for 
synchronizing division in the yeast Saccharomyces 
cerevisiae. Nature (London) 193: 256-257 


rer mt 
_ 7 : _ . 7 


Ati pees) ek 

idtrsdeed .U bie Siete 

- i] os 

a : ~~ 

sielewn Fe  3svOnws ~reme » Ree: 

~f #9tlhicen codsenirage ils 52 
ie ‘{ ,fSoldooniea 1 foe 

oa 
| ste epithe. uaet iia ‘J 
- " a pel tu deat a: 3! 


E :¢ red | ne OF fog Latct. a PR 
re <7. beta tie 3 ~%. .emtio 


» a 2 { = | ; 
eli | SerInaetaaes mowt If eens | 
sstaune med ecagetbe"*- aefavedll 0 doiteyss 


io shin bb tT. Aa agi babaananoates me 
SrS-ectd +tSe- aed ome 
: eve 
: 0h Eolego hye (etl .SORf6@ «eh ymarzeuses 
iedy teuluae o Rib Bonsai atocee 
(te (neh oa ) Se aod 


aii? 1 cae wii é7u Osegy 27a = hap ro a , forte 
Ade cane | 2¢rage aO4>anebsscdeobne, fai sbaod 
i pon ‘toes. ost D ais a) tai 


reo .oeh7a)it had bre : ro 
nineniatesuitey ea nol iaeiiteds 
; a 


We 1b) S10" t. seTee ..wdek A ta A 
S. 7eei os een of 
r ore Pare 7 “Ty s 2 cm - al fa 


reat taf inate as 4 peas 
“ * the wiley i 4 Ory ise sass 
‘ * a .31e@) » SAM Ms, elune 6 


ayy 
ri 
tat 


i 
(x Ao» my ieee JO, indoors - 
Liewih« [2 9) JM ete ipadebdor® 
. eto NM ¢te:7t yes seeing ee 


ais 


<4 


ato “ Bh iet eel Zit AYA ie Pi 7. 
Bere een 


vise uit 


ad Rats 
a he ae » 


pean Noles 


ae 


Al 
iy) 
i 


Pee ee 
wt SU 


AS nA 
2 


ee 
Cttia ares 
Hey pap ty st is 
sant: 


Ady 
Tt Y He 


DAiLay. 
etre ROPE NL 
ya Wa 


wh t 
WOT 


Woke dt 
hay jai Vebeakyn dea 
oY hay 
ty Nf UPN ea i 4c by 
Usisk be 


4 
ASH 
SE ee rahueye th aas ny 
Pa AL Le 
PERLE Untyke Sula & 


mn) 
RYO 
Ms Pa Bit hg ih 


it itt 

al 
ON Ua tTaaNe 
Ca el unit Hoy 


i Ay 
Modi wal he 


te is Be 


iit 


r Ly 
i He Mh i 

inl 
ue 


it a ae A 
th 


ia 
vn i : 


vat 


ae i vi) 
Hat ee \ wi st } 
, ’ 


ae 
aN 


so 


Hatt 


te AN 
. ae Aki 
i ai ne 4 AY te 
Ny a i; vy 
Hine) 


Ki Ha i id 

Wel a a nS 
oF Hy 
i Raa 


(pba ‘ 
La it 


iti 
ae 
hi pacts nal 
ne ERE at 
igi 


ie 


ite 


Ui ch ih id 
tlt i ae i 


YA 


bk tit shy 
Hie date 


iy) 
il 


Ht i itty 


i ini 


in haat ! fl itt 


Ma 
ia 


f ih 
ait {eg ed tetas 5 
yes Ue 10g: 
PN heat ath wy ths 
iis phd Sih 


Hien Ay 


iB tint Ui EA aah 


hs he Ney a 


atl 
wy 


Hah 


“Y 


ri f 
auabat rah ih pee 
AV vA 


AU 
dee sc 


mm Gis rt ae 


il ytntdtat 


Hi 


‘ 
wn Grieett 
Ho Uaitalys 
\ i v 
jenton te i 


oy Hie tata oh 
rate et 


Hy hey 


fe A glsdesebekyymyryt 
ree tsp Oy Te 
tani bubalahtsh 

ye ad 


ae 
Ra Netra 


Mh 
a ibae sh 


ie fazghyt ui 


tha a 


f' 
fot ibnnncenye 


ae 


eee les 
eae 


so ta eat 


ay 


{Hr ba 
Sar ens kid 

“1 ites ely a 

phenyl? 


} at Oy 


t rp Ld uy 
etre Raatnr 
ye ed tani i 
PEW Ge AORTA 
Peegynrealatsecyenr te 
wy 1h fide oft fab wy! 
° 


. eRe PANE 
Piper ante 
eet op) wu 


Wate gr sip lense 
jig era yet Wh 

ese tele i 
foarte p19 fee HLT OS 

Pian yopenl gh Hye Od 


Pease serpe at tata 
wif erred M bcad (Oh oad 
Bea ed | 


‘ f 
Vink vealonep loner nd ys 
a A a 


ANT 


ogaes 
MPT re marae guiit ene 


ar 


Wet vd an Wola Mates 
Delay hiwgeds toe, 


fonebargl 


Lhe Nuswaiey 
iladatess behets 


j 
whygs espn i 


Way 


